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Abstract
The sustainability of groundwater equipment systems is not well addressed in
the Gulf Cooperation Council Countries (GCC). The typical technology practiced in
the GCC are the borehole pumps coupled with asynchronous motors. This thesis is
evaluating the sustainability of various alternatives for groundwater equipment
through the three pillars of sustainability. Economic assessment seeking the levelized
cost of water given typically in $/m3 and main factors affecting the energy intensity
through a statistical comparative analysis approach. Environmental evaluation
through performing a life cycle assessment model for four pumping alternatives, and
finally, societal impact assessment aiming to identify the best practices and tradeoffs
that can be made toward a sustainable resolution. As a result of the three evaluation
processes, the sustainability of the different alternatives is evaluated through a
sustainability index. Results of financially conservative decision, the study outcome
showed that the Asynchronous Motors (ASM) option is the most sustainable
followed by the Permeant Magnet Motor (PMM). The latter is an option that is
moderately situated among the rest in term of levelized cost of water, it also showed
an environmental advantage specially for the ecosystem damage and resource
availability indicators. However, the opposite ranking was the result of an
environmentally conservative decision. Solar option despite a great environmental
advantage mainly in the human health indicators, it is still a costly investment and
resulted in high levelized cost of water.

Keywords: Levelized cost of energy, permanent magnet motors, submersible
motors, groundwater pumping, pumping efficiency.
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)Title and Abstract (in Arabic

تقييم االستدامة لدورة الحياة للطرق الحديثة في ضخ المياه الجوفية
الملخص

الهدف من هذه االطروحة هو دراسة االستدامة لعدة تكنولوجيات مختلفة لمحركات مضخات
آبار المياه الغاطسة .يوجد غياب ملحوظ في تقييم االستدامة لمحركات آبارالمياه الغاطسة في
منطقة الخليج العربي مع الحضور األبرز للمحركات الحثية  Induction motorsفي الغالب
األعظم من االبار في الخليج وذلك بسبب انخفاض التكلفة المالية للكهرباء وعدم وجود تشريعات
واضحة او مع وجودها بالحد األدنى مقارنة بمثيالتها في أقاليم مختلفة في العالم من كفاءة
المحركات المتعلقة بضخ المياه الجوفية .يتم تقييم االستدامة للمحركات الغاطسة في هذه
االطروحة حسب اركان االستدامة الثالثة األساسية ،التقييم المالي الذي يبحث التكلفة المتوازنة
الستخراج المياه  levelized costبالدوالر لكل متر مكعب لمدة حياة المعدات العملية ،التقييم
البيئي عبر دراسة دورة حياة المحركات  life cycle assessmentوالتقييم المجتمعي لمعرفة
تأثير دخول تقنيات محركات ومصادر طاقة للمحركات على المجتمعات .خلصت الدراسة
ألفضلية المحركات الحثية  asynchronous motorsمتبوعة بمحركات المغنطة الدائمة
 ،permanent magnet motorsبينما حلت تقنية المحركات الحثية الموصلة بمولدات الديزل
ثالثا برغم اثرها البيئي ،وتذيلت الترتيب المحركات المشغلة بواسطة خاليا الطاقة الشمسية على
الرغم من تفوقها بيئيا ً أخيرا اال ان تكلفة ضخ المياه مرتفعة جدا.
مفاهيم البحث الرئيسية :تكلفة الطاقة ،محركات المغنطة الدائمة ،المحركات الغاطسة،
المياه الجوفية ،كفاءة الضخ.
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Chapter 1: Introduction
1.1 Overview
Gulf Cooperation Council (GCC) countries have seen a high population
growth in the past 3 decades and it is projected to keep growing at about twice the
global average (Malit & Naufal, 2018). The continuous population increase has
required higher water demand and therefore, higher energy consumption of the
hyper-arid climate countries. Energy requirement to meet the positive trends in
demographic conditions by 2050 is forecasted to be 2.5 times than the current
consumption (Almulla, 2015). There is a high dependency on fossils fuel for the
water production and the very strong water-energy nexus (WEN). As the major
sources of water in the GCC countries are the groundwater and seawater
desalination, water production is accountable for 24 percent of the total costs of the
total water cycle (Parmigiani, 2015). Energy for water continues to rise, causing an
increase in the greenhouse gasses (GHGs) and other environmental impacts. On the
other hand, GCC countries have their own internal visions to react towards stronger
dependency on the renewable energy, and international commitments to reduce the
GHGs. The environmental footprint of groundwater extraction in the GCC was not
specifically a major topic for the decision makers in their efforts for reducing the
environmental impact.
1.2 Statement of the Problem
GCC countries are characterized as highly water scarce countries with the
highest energy intense water production. Groundwater pumping equipment’
minimum efficiency in the GCC is not regulated nor enforced, however, in the past
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years and specifically over the past one decade, a lot of initiatives and regulations
that took place were legislated in many developed countries to rule out low
efficiency motors and pumps aiming to reduce their energy consumption for a relief
on the escalating environmental concerns. As the demand on energy in the GCC is on
the rise and expected to reach 2,500 TWh (Almulla, 2015). In Saudi Arabia for
instance, 5 per cent of the total energy demand goes to pumping activities (Swatuk &
Cash, 2018). Power consumption is explained by set of factors including the
equipment efficiency. Energy efficiency is mainly driven by the electric motor
(Ahonen et al., 2014). It is worth studying different groundwater pumping
technologies and alternatives to understand if those alternatives can make any
difference to support the GCC in achieving their environmental sustainability goals.
1.3 Aim
In the absence of the minimum efficiency regulations in the GCC, this
research aims to study the life cycle assessment of different borehole submersible
motors (asynchronous motors and permanent magnet motors) fed from different
sources (grid, generator and photovoltaic) to investigate the sustainability of each
scenario and the most optimal scenario from economic, environmental, and societal
aspects.
The objectives of this research are to:
1. Investigate the implementation, effects, and economical feasibility of
alternatives for groundwater pumping technologies.
2. Evaluate the environmental footprint and the societal impact of different
scenarios of borehole motors and their source of energy for better

3
understanding of the sustainability of the different alternatives for pumping.
3. To develop out with a decision model for the best pumping technologies; and
4. Utilize the decision model to present a set of guidelines for pumping
alternatives for the decision makers.
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Chapter 2: Literature Review
2.1 Background
Water and energy are highly interlinked, energy is required for water
production, and similarly, energy production requires respectable amount of water,
this is commonly known as water-energy nexus as shown in Figure 1. As population
increases, there is growing demand for water and energy too, which creates a lot of
concerns on several issues such as water availability, financial implications specially
where electricity is subsidized and environmental impact too where highly intense
energy is required for water production, depleting water aquifers and social matters
associated with water convenience to the beneficiaries.

Water to
produce
energy

Energy to
produce
water

Figure 1: Water-Energy Interdependence

2.1.1 Demographic Changes and Concerns
GCC countries are one of those countries that have seen high population
growth in the past 3 decades. Gulf states is forecasted to see a continuous population
growth. Compounded annual growth rate (CAGR) were much more than the global
figures, with 2.4% CAGR (Malit & Naufal, 2018) between 2012 and 2016 and
almost twice the latter figure in the 5 years prior to the 2008 financial crises (Abyad,
2018). Projected growth rates expected to grow further in a positive manner till the
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year 2030 (Figure 2). The population growth in the oil rich countries has resulted a
hike in the energy consumption over the past 4 decades in order to meet the
requirements of the new demographic conditions (Figure 3). The GCC is expected to
require about 2.5 times the current electricity and water consumption levels by the
year 2050 (Almulla, 2015). Mitigating the climate change in front of the increasing
demand of electricity supply is a crucial concern for the GCC countries, consumption
grew as high as 6.8% in the GCC while the global average for the energy
requirement growth was estimated to be 1.8% (Alarenan et al., 2019).

Figure 2: Projected population growth rate (2016-2030) for the GCC Countries
(Malit & Naufal, 2018)

Figure 3: GCC energy consumption 1971-2011 (Almulla, 2015)
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2.1.2 Future of Renewable Energy
The major source of energy remains the natural gas with the exception of
Saudi Arabia that has a balance of energy mix1, Kuwait produces energy from
different mix as the later one however nearly two-thirds is from natural gas, while the
rest of countries depends almost totally on natural gas (Wogan et al., 2017). Several
reports in the past showed some interest by the decisions-makers in the GCC to have
clean source of energy at a very low initial contribution to the total required energy,
Kuwait, for instance in the early 2000’s showed an interest to produce 5% of its total
energy from renewable energy (RE) while the UAE announced a goal of 7% of the
total energy. Those figures were sooner doubled and tripled in many of the GCC
states2. In addition to the ambitious desire for a reformed energy mix, most of the
GCC countries are committed to the United Nation Environment Program’s (UNEP)
COP21 of 2015 to reduce 2% of their emissions by the year 2030 (Albadi, 2017),
higher expectation of emissions cut is expected from the water sector by the year
2035 to be at least 10% cuts (Al-Zubari et al., 2017). Further to the globally agreed
frameworks and agreement, GCC countries showed as well a commitment to United
Nation Framework Convention on Climate Change (UNFCCC) to reduce the
greenhouse gasses by keeping the global average temperature increase below 2°C
more than the pre-industrial levels (Al Shidi et al., 2016; Al-Sarihi, 2018). It’s no
doubt a challenge for GCC states to maintain those commitments with current
situation as the population increases more than the global average, electricity and
1
2

Crude oil, natural gas, diesel and minor portion from the heavy fuel oil too

H.E Saeed Al-Tayer the CEO of the Dubai Water and Electricity Authority DEWA
told the Gulf News on 03.10.2017 edition that Dubai aims to increase the clean
energy mix to 75% by the year 2050.

7
water consumption remains one of the highest globally – GCC averaged nearly 8.07
toe/capita versus 4.56 toe/capita in the OECD countries and CO2 emissions of 6.1
ton/capita against word average of slightly less than 2 ton/capita (Bachellerie, 2013;
Munawwar & Ghedira, 2014). One major driver of the high per capita consumption
is the tariffs and low or no taxation on energy, however from the year 2015 several
reforms were established by the GCC states to reduce the consumption such as
higher prices for energy paid to water providers, increased tariffs, removal of
subsidies beside awareness programs and even including the awareness programs by
embedding them in the school curriculums (Aswad et al., 2013).
The region overall has a promising future for renewable energy, namely solar
power, where the global horizontal irradiance (GHI) ranges between 4.5 to 6.5
kWh/m2 (Al-Maamary et al., 2017) which is considered one the highest irradiance
averages globally3, as renewable energy and more specifically not a very new in the
scientific field, its future, opportunities and challenges were thoroughly investigated
over the past 2 decades globally and specifically in the GCC region by many
researchers. At the field level of the achievements resulted by the initiatives,
directives, and commitments, recent years carried out several local and regional steps
and projects towards renewable energy and diversification of the energy mix (Al
Shidi et al., 2016; Al-Maamary et al., 2017). Highly optimistic for a paradigm shift
even for the renewable energy to be the primary source of energy on the GCC
countries and mainly KSA and the UAE. The region has a good potential for
renewable energy and resulted several PV power plants. Renewable energy projects
pipeline reached 7 giga watts, in which the vast majority of the power plants are

3

World Bank 2017, Global Solar Atlas https://globalsolaratlas.info/map
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located in Saudi Arabia and the UAE (IRENA, 2019), whilst Bahrain and Oman have
headed in a programs to encourage the network subscribers to install PV panels so
they can inject the surplus power to the grid and benefit some of the electricity bills
cuts (AER, 2017; EWA, 2017).
2.1.3 The Nexus
GCC countries are characterized by a hyper-arid climate with a very low
rainfall typically between 50 to 250 mm per year, temperatures exceeding 45°C in
summer. Groundwater (GW) resources are very limited, they are highly stressed with
abstraction rates way more than the recharge rates. Those overexploited aquifers led
to continuous drop in water level and resulted higher dynamic heads that require
more energy for abstraction, due to the depletion of the shallower resources few
decades earlier. Urbanization and population increase in rural areas and access to
drinking water by the municipal section - Oman and KSA as an example has some
elevated cities and villages, that require pumping water for longer and higher
distances which require more energy as well (ESCWA, 2011), moderate salinity to
brackish water quality requires further treatment before being used for domestic,
industrial or agriculture needs. Lee et al. (2017) confirmed that water treatment, if
required, can be the most influencing factor in total consumption in the water cycle
from abstraction till end-user tap (Figure 4).
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Treatment
RO, UF, MF,
MED, MSF…

Water Source
Surface,
groundwater,
sea water

Storage

Conveyance
Pumps, gravity

End User
Distribution

Figure 4: Simple water cycle diagram

Groundwater abstraction is a burden on the energy, its demand varies from
location to another. The energy consumption per volume unit, expressed as energy
intensity is a common term to define the density of amounts of energy that is
required for water production, usually given in kWh/m3 or referred also in currency
unit per volume unit such as USD/m3. As there are various techniques of water
production whether it is desalination, filtration or other, the energy intensity of
groundwater extraction is relatively considered mild intense comparing to other
methods as sea water desalination different methods such as multi effect desalination
(MED), multistage flash (MSF) or vapor compression (VC), provided that
groundwater extracted is being used without further treatment and goes to the main
tanks feeding the customers. Energy intensity is variable depending on several
factors, it can vary from 0.37 to 1.32 kWh/m3 (Sala & Serra, 2004). Figure 5 is a
generic chart illustrating energy intensity for different sources of extraction and
production, they can be totally different from another. Furthermore, the very deep
groundwater levels in the GCC, leading to higher head and the higher flow to meet
the increasing municipal demand and water quality, which is continuously
deteriorating due to the seawater intrusion, all the mentioned require higher energy as
observed and reported in relevant literature more specific to the GCC region.
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Figure 5: Amount of energy required to provide 1 m3 of safe water for human
consumption from different sources (IRENA, 2015)

As anticipated, energy required for water production is relatively intensive in
the GCC due to the absence of shallow water, surface water, and fresh water too as
well, subsidy to water sector is an important factor to explain the excessive per capita
consumption to be one of the highest in the world. The gap between water cost and
revenue is about 92% as shown in Figure 6, only the remaining 8% of the total cost is
revenue to the water sector. Figure 6 also shows the production in a general overview
seems to have a contribution of 42% of the total cost (Parmigiani, 2015), but the
financial cost. However, the total cost of water is the sum of the financial cost
scarcity cost and environmental cost, the sum is also referred to be called an
economic cost (Heinz et al., 2007).
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Figure 6: Gap between water cost and revenue in the GCC (Parmigiani, 2015)

Water production in the GCC region is highly intensive, whether due to
energy intensive desalination plants, deep wells that is in many cases dropping
drastically in some areas. GCC states are among the most severely scarce countries
with the highest energy intensity for water production (Figure 7). In Saudi Arabia 5%
of the total power consumption nationwide is used in pumping activities (Swatuk &
Cash, 2018).
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Figure 7: Energy intensity for water production (GCC Unified Water Strategy, 2015)

2.1.4 Efficiency
The energy required for groundwater abstraction and lifting within same
pipelines till the end destination is affected by many factors such as flowrate, head,
density… etc. Yet, the overall efficiency (See Equations 1, 2 and 3) is a factor that is
self-chosen to some extent, and not naturally chosen to meet water requirement in
term of volume or head. Submersible motor’ efficiencies vary depending on the
motor technology and directly participate to improve or reduce the overall efficiency.
Motors, whether they are induction motors, or permanent magnet, they have different
efficiency levels, or possibly induction motors (IM) controlled by a variable
frequency drive (VFD) can be more efficient than IM motors without VFD. On the
other hand, power supply feeding those below ground equipment can be grid feed,
renewable energy such as solar panels or windmills, or generators, they have
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different environmental impact, lifetime, capital and operation cost, reliability, and
available resources to handle different technologies.
Energy efficiency is one possible resolution to overcome several challenges
in the GCC. Since energy is highly subsidized, the improvement of energy efficiency
can be seriously affecting fiscal budgets by reducing water extraction cost and
therefore reducing the energy intensity to better face the current situation, a lot of
subsidies were reviewed through several reforms for electricity and water sectors.
From the normative aspects, GCC have started adopting similar models of efficiency
requirements from the developed countries to reduce the cost of environmental
damage, however minimum efficiency requirements were not enforced strongly
through the legislations and import codes, some GCC countries have already started
enforcing efficiency legislations through their standardization authorities which have
done already some steps forward mainly in the small domestic appliances, with a
simple language to inform the wide audience, such as the star ratings tags and
limiting the lower star ratings from sales inside the country, sometimes they are
forced to declare “for export only” if they don’t comply with the minimum efficiency
index or other reasons too4. Most active government standardization bodies in the
GCC that started considering the regulating efficiencies are the Emirates
Standardization and Metrology Authority (ESMA) and Saudi Standardization
Metrology and Quality Organization (SASO).
Cutting down the emissions is a major task for the GCC states to meet their
international commitments such as the COP21, UNFCCC and improving the SDGs

4

Such as noncompliance to hazardous material, voltages, or refrigerant types.
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ranking more importantly SDG goal 135, GCC unified water strategy and country’s
individual short term/long term visions such as UAE2021 and 2030 and 2050,
Bahrain 2030, Saudi 2030, Oman 2040 visions.
Water pumps and motors in general are not regulated products anywhere in
the GCC states of what concerns efficiency, rather its regulated to match the
electrical codes in Kuwait6 and the UAE while the SASO of Saudi Arabia introduced
efficiency guidelines for pumps as well7, however not a strict to meet the high
efficiency regulations. Some individual initiatives done at few end-user’s levels to
ask for minimum efficiency however its relatively low and not enforced by law.
Pumping groundwater is accountable for a significant percentage of the total
energy consumed globally. There is no sufficient information that directly present the
real global energy consumption for groundwater pumping (Margat & Van der Gun,
2013). However, several studies presented figures of consumption on regional or
national levels, the national hydrological plan of 1993 declared consumption of 3
billion kWh/year for pumping 5.5 km3/year in Spain. On the other hand, emissions
that are caused by pumping groundwater are evident, empirically; for instance,
emissions caused by groundwater pumping are 3.6% and 6% in Iran and India to the
total national emissions, respectively (Handa et al., 2019).
Groundwater pumping technologies and equipment varies in term of
efficiency, demanding different energy levels and has consequently different levels

5
6
7

SDG 13: Climate action
KUCAS – class II-40 and class II-50
SASO TR 01-04-16-155
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of footprint. Solar water pump (SWP) for instance, depends on solar irradiation and
demands no external energy during the pumping life cycle, however, has an
environmental concern, typically during the manufacturing stage and land use and
disposal. There is a need to address the footprint of the production of the PV panels
(Hartung & Pluschke, 2018) and disposal of large number of panels at the end of
their life cycle. Besides, planners encounter other difficulties prior to adopting the
PV technology, such as area availability which is directly proportional to the total
power required to rotate the motor that is driving the pump, local expertise and initial
investment and payback period that varies from country to another (Hartung &
Pluschke, 2018) and, finally, the number of pumping hours, which depends on the
nature of operation. Useful pumping hours by the PV panels are limited to 5-9 hours
depending on the location’s irradiation, motor and drive technology that requires
minimum radiation before starting up the motor (Benghanem et al., 2014). Direct
daytime pumping does not require energy storage. Besides, long pumping hours
beyond the solar hours, requires batteries to store energy for operation out of the
solar hours. Energy storage in this case is challenging and adds up significant amount
to the initial investment and disposal effect on earth.
Diesel generators used to power up motors are usually limited to areas where
there is no power supply or not enough power to drive the motor. They require
regular attention to ensure enough diesel availability in the tank, proper maintenance
scheduling and overrating in case of higher altitudes. The most concerning aspects of
generators are air and noise pollution. However, the advantage of generator sets is
the limitless usability in different areas where other methods cannot be used in case
of unavailability of space or radiation for PV panels or no power grid. The third
method to power up a submersible motor is direct feed from the local grid.
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2.1.5 Motor Technologies
Submersible motors, used in water wells are usually induction motors (IM),
typically asynchronous motors (ASM), which rotates at a constant speed, unless
operated by variable frequency drive (VFD). Efficiency of these motors is limited to
65%-85%, due to their technology. Mainly due to rotor losses, core losses, eddy
current and hysteresis losses. Other motors, such as permanent magnet motor
(PMM), are significantly higher in their efficiency by approximately 10-15%
(Hamzah et al., 2017). Nevertheless, PMM is not a very common motor in water
extraction applications. However, it is recently emerging in the market; it was
introduced earlier mainly in the oil and gas fields for their Electric Submersible
Pumps (ESP). PMMs are characterized by flat efficiency curve throughout wide
portion on loading points, even on partial loads (Melfi, 2009), unlike IMs that start
falling below the best efficiency at partial loads, which is very common in the
pumping industry.
Energy efficiency in pumping is mainly driven by the electric motor (Ahonen
et al., 2014). Efficiency requirements are being regulated now in many developed
countries, even though ESPs are not mandated by the International Efficiency (IE)
standards, which became mandatory in some countries. IE48 is already suggested by
the International Electromechanical Commission (IEC) the European Association of
pump manufacturers (Europump) is currently forming energy efficiency index (EEI)
for the system (Ahonen et al., 2014)

8

Standard IEC60034-31
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2.2 Literature
2.2.1 Nexus and Energy Intensity
The interdependence between energy and water, commonly known as waterenergy nexus and given in kWh/m3, the nexus is typically defined as energy intensity
(Lee et al., 2017) and commonly interlinked with the greenhouse gasses as resources
efficiency, processes are the main keys contributing in the intensity. Water
abstraction from source according to the latter study varies from 0.00 to 3.7 kWh/m3
depending on source water type as reported in different parts of USA, Sweden, and
Australia. Water-energy nexus studies established a good understanding of the
importance of operation efficiency and effects on the nexus based on several possible
alternatives. (Lee et al., 2017; Pradeleix et al., 2015; Sharif et al., 2019). Production
and distribution of drinking water consumes about 7-8% of the world’s total
generated electricity. There is a considerable amount of GHGs emissions in water
production systems due to the dependency of fossil fuels - oil, gas and coal. Sharif et
al. (2019) suggested evaluating the tradeoffs of various approaches such as variable
speed drives versus fixed speed pump and environmental impact mitigation by
utilizing such as solar, wind and water turbines. Study noted also that most of the
relevant LCA studies focused on the technical and environmental aspects, however
paid less attention to the socio-economic issues.
The level of contribution of electricity consumption in the water extraction as
a part of an entire water production system varies to be minor or highly significant to
the whole system. Depending on the filtration method being ultra-filtration (UF) or
reverse osmosis (RO) treatment, the energy required for water supply intake water
can be 5% and 14% of the water production cycle, respectively (Figure 4). Treatment
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type also can be too wide in electricity consumption variation, electricity
consumption required for conventional treatment can be as low as 0.15 kWh/m3,
while RO treatment or thermal water desalination may go up to 4.5 and even 20
kWh/m3. in this too wide range of energy consumption (Vince et al., 2008).
Energy required for pumping groundwater is a function of several factors,
expressed by (Plappally, 2012) as a function of flowrate, pressure at the point of use,
distance for water to be lifted, time of water being pumped and friction losses. The
same paper discussed the energy intensity difference due to pressure and flowrate as
well as efficiency that can be typically between 0.14 to 0.69 kWh/m3 in California,
however in Ontario – Canada it may reach up to 3.02 kWh/ m3. Pipe diameter and
material of construction also contribute on the total energy required for pumping
water as friction losses however rarely its being considered as a main area of study
for the energy consumption of pumps and it has higher influence in the conveyance
rather than getting the water lifted from water level to right above the ground.
Efficiency is the most affecting variable that can play a role in changing the
consumption level, the other main variables (head and flow) typically are given as
required matters and not to be compromised.
To explain the impact of efficiency, flowrate and dynamic head, the generic
formula of the required pump shaft power in kilowatt (kW) is defined by Equation 1
below, it is in line with scholars in relevant research.
𝑃=

𝑄∗𝜌∗𝑔∗ℎ
ɳ

(1)

Where; Q is the flowrate in m3/s, ρ is the water density in kg/m3, g is the gravity
acceleration in m/s2, h is the differential head in m, and ɳ is the overall efficiency is a
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product of pump and motor efficiency and if VFD is present – Equation 3. (Haque et
al., 2017; Pedraza & Rosas, 2011; Rothausen & Conway, 2011).
Energy consumed in kWh represented in Equation 2 was widely used by
scholars including and not limited to (Alam, 2016; Marchi et al., 2012; Pradeleix et
al., 2015)
𝐸 = 𝑃. 𝑡

(2)

Where P is the power in kW, t is the time in hours.
The contribution of groundwater extraction in the whole cycle of water
production up to the end user varies significantly. Depending on the process, type of
filtration, water quality, pipeline total length... etc. therefore GHG emissions, were in
the scope of water-energy studies as well and it increases as systems become more
complex or larger. The less filtration and shorter distances of fresh water to its final
destination, the higher the contribution it takes in the whole process energy
requirement, and the other way for the complex networks where brackish or lower
quality water goes into further treatment and longer delivery lines require energy
intensive operation brings down the contribution of energy required for groundwater
extraction to lower levels in the broader frame of complete system. (Lee et al., 2017;
Rothausen & Conway, 2011)
2.2.1.1 Motor Efficiency
Over the past decade, several directives issued globally to regulate and
enforce the minimum efficiency to reduce the energy use and improve its associated
environmental impact, such as international efficiency (IE), minimum efficiency
index (MEI), and the expected new European initiative of European Association of
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Pump Manufacturers (Europump) for combined pump and motor efficiency called
energy efficiency index (EEI).
As efficiency plays an important role in energy consumption of pumping
system, permanent magnet motor is an option to improve overall efficiency, for
lower consumption and lower emissions too. Permanent magnet motors were in the
scientific research field since the eighties of the last century and even before. Richter
et al., (1985) assessed a ferrite PM AC motor from technical and economic aspects.
As the study goes much in the technical aspects of the new technology at its time, it
is important to highlight the relevant findings. The author investigated 7.5 hp, 4-pole
motor (1800 rpm) and seen that PM motor had 1.6% higher efficiency. The PM
motor has higher investment cost. Additional material cost is USD 8.24 in the PM
motor, so the payback period at 50% of the duty cycle is 0.469 year. As an overall
investigation for broader range of motor ratings, namely from 1 to 250 hp. The most
notable conclusion is that motors with rating up to 25 hp payback can be achieved in
2.5 years through operational cost at 50% of its duty cycle. Much later, (Melfi et al.,
2009) also established a comparison between IM and PM technologies. Figure 8
illustrates the efficiency behavior at different pump loading, it is very clear that PM
shows a stable efficiency at partial loads as well comparing to IM, it is important to
highlight that IMs of the figure is not used in conjunction with a VFD which may
result a better efficiency behavior in partial loads. Emphasizing the earlier in
pumping applications, Figure 9 shows the difference in power absorbed by motors
with the same flowrates, at the left half of the curve there is a clear advantage of
approximately 20% less kilo-watt requirements in the PM motors versus IMs
(Brinner et al., 2013). Partial loading is very common in the field due to reasons such
as, standard motor ratings, infinite number of loads (pumps), change in water level
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and throttling practices on the wellhead, all described can cause operating at different
loading percentage, therefore change in efficiency too as in Figure 8, which causes
finally change in energy demand. Note that overall efficiency for pump and motor is
less and proportional to the motor efficiency curve. The overall pump efficiency
(OPE) is the product of pump and motor efficiencies, it is represented by Equation 3
below.
𝜂𝑜𝑝𝑒 = 𝜂𝑝∗ 𝜂𝑚

(3)

Figure 8: Partial load efficiencies comparison in an energy efficient IM motor in blue
dotted line efficiency drops as soon as loading depart from 60% while PM motor in
green line remains flat from 56% to full load (Melfi et al., 2009)
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Figure 9: Power absorbed by IM and PMM in complete ESP system with IM motor
require almost 20% higher power output than ESP assembled with PM motor instead
(Brinner et al., 2013)

Ahonen et al., (2014) investigated on different motors of different types of
pump, however no borehole submersible motor was involved in this study. Motors
compared were induction motors, synchronous reluctance (SynRM) and permanent
magnet synchronous motor (PMSM). Motors efficiency studied were limited to 15 to
75 kW. Experiment was carried out with motors of 15 kW ratings from the three said
different technologies. By excluding the SynRM motor due to its irrelevancy of this
study, PM motor controlled by a variable frequency drive in open loop system was
concluded to have nearly 5% when compared to IM motor with IE4 superior
efficiency controlled also by VFD.
In an investigation seeking cost reduction of pumps in the oil field of KajiSemoga – Indonesia. Hamzah et al., (2017) analyzed the performance of ESP9 of 140
wells in which 20% are PMMs and the rest majority were IMs. Experiment took six
months of trial period for two wells with identical conditions for better comparison
9

ESP: Electric Submersible Pump, terms often used in oil and gas industry for
submersible pumps, for water and oil hydrocarbon mining mediums too.
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between the two motors. The rest of the comparison were classified based on several
flowrate ranges; it was seen that the PMM has less energy consumption by 10 to
27%. On average savings of 20% was achieved in the wellfield. In addition to the
energy saving, PMMs of the observed wells had zero downtime and lower motor
heat rise. The potential of annual avoided cost of energy for the existing PMMs was
estimated to be USD 750,000 and author recommends the shift to replace all IMs
with PMM ESPs.
Another case study was researched by (Garcia et al., 2015) to investigate on
the performance and possible cost savings in an oil field sector in Mexico, due to the
performance associated problems of declining pressure and flowrate in “mature
wells”. It is important to note that the pump used in conjunction with the PMM was
“Power Save Pump” which has also higher efficiency than conventional systems and
can participate in improving the overall pumping efficiency. It was recommended by
the authors to consider PMM ESPs with Power Save Pump for lower energy
consumption and overcoming wells productions concerns.
A similar motive to improve the profit margins by reducing the production
cost, Konnas testing facilities in Moscow have examined the PMM technology with a
powder metallurgy pump (Lucas et al., 2018). The author and the team found that
PMM efficiency improvement is 10.7% more than IM, while the power metallurgy
pump has higher efficiency to non-powder metallurgy pump operating between 500
to 12,000 barrel of fluid per day BFPD is 12.5% higher. Powder metallurgy is
irrelevant to be considered for water pumping however the paper generate a good
understanding on the benefits of PMM technology. Data was validated from several
installations worldwide and it was in line with a global indication of 30% of possible
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savings from over 1000 wells in Egypt, Venezuela, Argentina, Canada, and the
United States.
The degree thesis of (Baaverman & Tavoosi, 2019) was seeking the
feasibility from an economic aspects of various submersible motors technologies.
Two IMs connected to PV system, one adequately sized to fit seasonal conditions
however it does not supply sufficient power in the lower solar irradiation season (3
kW), the second with oversized PV system to meet the demand throughout the year
(3.8 kW). The third and last experimented combination was a PM motor fed by the
same oversized PV system. Direct comparison between the outcome of the field trials
showed that the PM solution was the most efficient, however it was not viable from
economic aspects. Payback of PM solution can be justified only if the system usually
is expected become 40 years. While systems lifetime is 25 years. The lowest cost
approach of the adequately sized system is the best approach. Other literature
revealed the opposite and usually in solar applications there are expectations from
private sector to receive government subsidies or other types of support such as tax
exemption may justify the contrast of this research outcome that goes towards the
non-renewable energy (FAO, 2018). Table 1 summarizes the findings of savings for
the comparison between PM Vs IM motors in literature.
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Table 1: PM and IM motors comparison from literature

Author

Motor
Technology

Application

Country

Energy Savings [%]

IM

PM

(Ahonen et al.,
2014)

X

X

Surface pumps
– water

Finland

4.2% less energy
consumption in PM than IM

(Hamzah et al.,
2017)

X

X

ESP –
hydrocarbon

Indonesia

10-30% efficiency
improvement in the PMM Vs
IM

(Garcia et al.,
2015)

X

X

ESP –
hydrocarbon

Mexico

30% energy reduction

(Lucas et al.,
2018)

X

X

Artificial lift –
Laboratory

Russia

Average saving: 27%

(Baaverman &
Tavoosi, 2019)

X

X

Groundwater

Kenya

n/a

2.2.2 Sustainability in Water Pumping Literature
2.2.2.1 Environmental Impact
From the environmental standpoint, several efforts have been done in the
scientific and research field to compare different groundwater pumping technologies
and its avoided emissions, types of significant emissions and environmental impacts
resulting from water pumping activities. While some papers were limited to the
investigation on CO2 emissions, others considered the full scope of the
environmental impact according to the ISO14040 life-cycle framework.
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Among those who studied only the environmental aspect in pumping
technologies, by utilizing GIS data availability in Spain and Morocco, (Rubio-Aliaga
et al., 2016) compared the CO2 emissions of two pumping alternatives limited to
agriculture sector, diesel generator equipment and PV10 pumps. The PV technology
was studied using three types of photovoltaics panels, Cadmium telluride (CdTe),
Monocrystalline (Mono-Si) and Polycrystalline (Poly-Si). The paper concluded that
the CO2 emissions associated with the diesel generators in the areas of study in
Morocco are three times higher than in Spain. This is mainly because of the
comparisons with two different heads and flowrates in which both are higher in
Morocco. Finally, the PV pump option creates a good opportunity to CO2 emissions
savings in either regions.
The same authors published another paper that discussed the Spanish aquifer
only, by a multidimensional analysis of groundwater pumping (Rubio-Aliaga et al.,
2019). Economic, energy and environmental aspects were analyzed by considering
several variables including the pumping options which can be seasonal or
continuous, privately owned, or cooperative, isolated systems versus. connected
systems, and again as in the previous paper for both the diesel equipment, however
the solar power studied was for PV power plants and not stand-alone systems for
each well at three possible cable lengths from the solar power plant to the well. As it
is expected that solar power plants have less impact in term of CO2 emissions, it has
some major issue in implementation such as isolated areas too far from an area with
more feasibility to have a solar power plant, and advantage of wells closer to the
solar power plant. The larger the irrigated area the higher the cost per the same area

10

Photovoltaic
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unit, typically seen in cooperative systems. Diesel generators in most of the cases is
more economical solution and viable for the end-users. Author suggests also that
Government should promote for PV pumps to decrease the CO2 emissions as the
investment cost in most of the alternatives goes to the sake of diesel equipment and
to reduce the dependency on fossil fuel in agriculture sector.
An approach to examine the role of efficiency of pumps and how it can affect
the economic and environmental impact of a system. Handa et al. (2019) studied
electric motors and natural gas engines in the agriculture applications, in two aquifers
in Oklahoma (USA). Due to its high dependency on water, only agriculture sector
was considered. GREET.NET was the model used in this life cycle assessment
(LCA) for long duration between 2001 till 2017. Natural gas engines are not
common anymore in the area of study in this research and many other regions too,
even not well addressed in scientific research as in this paper. Natural gas driven
pumps showed much less overall pumping efficiency than electric motors. The latter
cost nearly 8% less in each span of 1000 hours of operation. As a result,
GREET.NET showed initially additional 4% emissions in the natural gas pumps.
Due to the continuous groundwater depletion and drop of water table, the energy
requirements increase, and emissions increased to 53.9 tCO2 in the last year (2017)
of the study. On average GHGs emissions were 13.75% higher in natural gaspowered pumps than electric once. The paper concludes that improving overall
pumping efficiency to an attainable standard could have at least 19% less energy
consumption in one aquifer and 34% in the other one, while avoided GHG emissions
can be 20% and 52% respectively.
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Due to the fuel supply challenges in the remote agricultural areas in Egypt,
diesel driven pumps are the only available common option dur to the absence of the
electric grid. A multi-criteria analysis to investigate the feasibility of solar powered
pumps was researched by (Sayed et al., 2019). The GIS technique have identified
Qattara depression as a best location for the PV panels, in which all criteria were met
in term of groundwater salinity and level at the optimum levels, TDS11 = 5000 ppm
and less than 100 m, respectively. The tradeoffs between the solar and diesel
technologies were well addressed, authors stated that the initial investment for the
diesel option is lower and it doesn’t require a lot of space, however PV technology is
more reliable, it features longer lifetime, possibility for energy storage, and deals
well with the water level fluctuation. Input criteria of the study were weighted to
develop a model by the remotely sensed data and GIS to map the optimal locations
for groundwater extraction by PV systems. The economic assessment showed an
advantage of PV systems compared to other fossil fuel-based systems. The
assumption was based on the latest literature that used the levelized cost of energy
(LCOE), given in $/Watt and can be expressed in $/kWh. LCOE was chosen by the
U.S Department of Energy and the International Renewable Energy Agency IRENA
(El-Shimy et al., 2016; IRENA, 2018, 2012; Shannak, 2018). Historical data of the
LCOE components since the PV evolution are continuously falling down creating a
significant advantage of PV systems than fossil fuel-based systems. However, the
data analysis aimed exclusively to map the optimal areas in the area of study for PV
systems and did not include figures of comparison for the water extraction cost for
other systems.

11

TDS: Total Dissolved Solids
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2.2.2.2 Economic Impact
A comprehensive and detailed techno economic and environmental study
carried out by (El-Shimy et al., 2016) studied groundwater extraction between
conventional pumping methods (grid and diesel engines) and solar energy near Nasir
Lake - Egypt. The economic part of the research was calculated by LCOE12 method
to present a true cost of energy required. GHG emissions were calculated and
analyzed using RETscreen version 4.0. software, RETscreen calculates the amount of
emissions that can be avoided when using the renewable energy. LCOE calculation
concluded that solar PV, grid electricity has less cost of energy than diesel engines
by 32% and 37% respectively. The highest GHG emissions were from the grid fed
pumps, then diesel engines by 18% less emissions and finally PV pumps comes at
the tail with no emissions. It worth note that emissions in discussion were
representing the operation phase only and did not consider the life cycle.
Further to a workshop hosted three years prior publishing the report between
stakeholders from nineteen developing countries to understand the future of solar
powered pumping systems. The Food and Agriculture Organization of the United
Nations

(FAO),

together

with

Deutsche

Gesellschaft

fur

Internationale

Zusammenarbeit (GIZ) GmbH came out with an overview on the same topic of the
last paragraph (FAO, 2018). A comprehensive toolkit addressing several concerns in
the solar pumping technology in agriculture segment to understand the impact on
economic, environment and society. FAO confirms that the investment costs of solar

12

LCOE method is preferred method of estimating the cost of energy, widely used in
systems that are expected to work for many years such as solar systems often
considering 25-year lifetime. The method accounts all the lifetime cost including,
both fixed and variable costs.
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technology are decreasing rapidly with improving efficiency besides zero emissions
in the operational phase of the pump, however in cradle to grave, solar technology
emissions are 95 to 97% and 97 to 98% less compared to grid electricity (energy
mix) and diesel pumps, respectively.
While advantages discussed in the report agreed with others in the literature
in term of economic and environment, such as lower pumping cost on the longer run,
independence from fuel price fluctuation, power availability during crises, GHG
emissions, the report discussed further societal aspects, job creation in renewable
energy sector, electrification of rural areas and rural development due to the
improved energy and water access. On the other hand, the environmental impact of
the production of PV panels and panels disposal at the life end must be taken in
consideration, limited hours of pumping due to solar hours variation. The diesel
pump at the contrary, requires lower investment cost, however high maintenance
cost, limited lifetime and creates air pollution. Payback period varies from country to
another due to water volume requirement, electricity tariff, taxation on imported
goods, it can be as low as 1 year for the entire system in Kenya for instance and can
go up to 14 years in some cases in Bangladesh.
In the groundwater extraction in water supply industry, it was seen by
(Godskesen et al., 2018) that global warming potential has the highest adverse
impact factor among all the other environmental impacts, while toxicity impacts
(namely, ecotoxicity, human toxicity soil and human toxicity water) are all
considerable factors. This research was an overall assessment on drinking water
supply, it investigated about all stages of water supply from the wellfield, rainwater
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harvesting, and desalination. This lifecycle assessment analysis was performed using
GaBi 4.4 software.
2.2.2.3 Societal Impact
From the social stand points, renewable energy features no direct
consumption cost as seen on diesel cost and electricity bill, this leads to some
possible social practices such as and not limited to, selling water, higher
consumption of water by over extraction which adds additional burden on
groundwater availability. On the other hand, solar technology feasibility can
participate in reaching more remote areas and non-developed, it is an added value as
well for women empowerment and creating additional access to water. During the
interviews carried out revealed a good acceptance of solar technology acceptance,
however minority among interviewed people has some concerns about the training,
and cost of maintenance at least in the early years of the solar technology
introduction (FAO, 2018).
2.2.3 Life Cycle Assessment
Life Cycle Assessment (LCA) is an environmental assessment tool for
individual or multiple alternatives following the cradle to grave method in its
assessment, complaint with the ISO14040 (ISO, 2006a) and 14044 (ISO, 2006b).
LCA was carried out in several water pumping and transfer studies mainly for a
comparative analysis between several products/processes (Barjoveanu et al., 2010;
Cherif et al., 2016; Friedrich, 2002; Pradeleix et al., 2015; Stokes & Horvath, 2006).
LCA is carried out considering the entire life cycle from the infrastructure, raw
material, production, operation, and end of life impacts.

32
Operation phase of the motor life cycle is the most contributing phase in the
environmental impact of motor life cycle. Operation phase, expressed as “use phase”
also was assessed by (Orlova et al., 2016) for different types of motors, synchronous
reluctance motor (SynRM), permanent magnet synchronous reluctance (PMSynRM)
and induction motor (IM). Use phase is responsible of 98% of the environmental
impact. While production, distribution, and end of life, all are responsible of the
remaining 2%. Production of IM motor has the highest environmental impact.
However, from the economic analysis, SynRM has the lowest manufacturing cost,
however, use phase and motor efficiency is the lowest. The method of impact
assessment was carried out using MEEuP method. It is a tool for estimating most of
the common environmental impact such as and not limited to global warming
potential (GWP), water energy, acidification potential (AP), ozone depletion (OD),
acidification potential (AP), eutrophication and others. Assuming 10-year lifetime
and 3000 hours of same rating motor of 10 kW, lowest GHGs and energy indicators
were seen all to be the in the favor of PMSynRM, while most of the other indicators
were close on comparison between all the mentioned alternatives. PMSynRM is the
most expensive motor among those assessed, however has the least environmental
impact.
Table 2 summarizes some of the life cycle assessment studies of relevant
applications in water related topics, if any software, impact determination method
and compliance to ISO14040 and 14044 frameworks.
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Table 2: LCA for water pumping alternatives from literature
Author

Application

Method

Software

ISO

Comments

14040/14044
compliant

(Orlova et

SynRM,

MEEuP

N/A

al., 2016)

PMSynRM, and

has the least

IM

impact

GaBi 3

Yes

Yes

PMSynRM motor

(Friedrich,

Conventional and

Pumping

2002)

membrane

efficiency is

potable water

important in

filtration

reducing energy
consumption

(Pradeleix et

Impact of

al., 2015)

different
pumping systems

Recipe 1.07

SimaPro
7.3

Yes

Diesel powered
systems has the
least efficiency
and more harmful
than electric
pumps

2.2.4 Gap Identification
From the literature review discussed above, specific studies of water-energy
nexus in the field of groundwater pumping are not thoroughly studies. Despite of
various studies comparing alternatives from the economic aspects, there are less
often studies in the pumping field covering the environmental aspects. However,
there is a clear lack of studies focusing in the field of borehole pumping equipment
alternatives, there are several alternatives and combination for motors and it’s power
source however was not seen in literature. Furthermore, new technologies such as
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permanent magnet motor, new legislations for other regions towards high efficiency
may be a controversial topic due to cost versus unknown benefits from financial or
environmental costs. Dropping prices of PV technology with improved efficiency
worth also a continuous evaluation. As anticipated from literature, sustainability
involves three pillars that are economic, environmental, and societal aspects, very
often the first two are studied however not societal aspects. Table 3 shows a clear
gap of the lack of sustainability studies, as well as societal impacts considerations in
the relevant literature that can be further investigated too.

35
Table 3: Scenarios comparison from literature 13
Sustainability
Components

X

X

X

X

X

X

al.,

X

(Handa et al.,
2019)

X

X

RETscreen

Egypt

MAgPIE

Sweden

X

X

X

Spain/
Morocco

X

X

Multifocused
analysis

Spain

Multicriteria
Analysis

Egypt

GREET.NET

Oklaho
ma
(USA)

MATLAB
Simulink

Kenya

14

(Baaverman & X X
Tavoosi, 2019)
(FAO, 2018)

X

X

X

X

X

13

X

X

Country

et

X

Model /
Analysis

(Sayed
2019)

X

Societal

(Rubio-Aliaga et X
al., 2019)

Environmental

X

Economic

(Rubio-Aliaga et
al., 2016)

Scenario 6

X

Scenario 5

X

Scenario 4

(Alam, 2016)

Scenario 3

Scenario 2

Scenario 1

Author

(El-Shimy et al., X
2016)

X

Scenario1: Solar ASM, Scenario 2: Solar PMM, Scenario 3: Grid ASM, Scenario
4: Grid PMM, Scenario 5: Generator ASM, and Scenario 6: Generator PMM.
14

Source of power: Natural gas instead
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Chapter 3: Methodology
3.1 Introduction
End-users are classified mainly from three sectors: agricultural, municipal,
and industrial. Groundwater in GCC accounts for 84% of total withdrawn water
(Swatuk & Cash, 2018) in which the majority of the groundwater withdrawal is taken
by the agriculture sector, followed by municipal sector and the least volumes are
taken by the industrial sector. This research will focus on the municipal sector only,
where more certain data can be obtained due to accessibility issues in the other
sectors, and less equipped wells with the necessary equipment to obtain sufficient
data for the research. This research aims to provide a tool in the first place for
legislators and decision makers who can decide to employ the possible
recommendations to other segments based on the research outcome. As the research
seeking the sustainability of groundwater pumping techniques, it should include all
its 3 pillars of sustainability: economic, environmental and societal pillars
(Hansmann et al., 2012).
3.2 Economic Assessment
The major contribution of cost required throughout a borehole pump set’s life
cycle goes to the energy required for pumping. Energy required is determined by
several variables such as flowrate, head, overall efficiency as detailed in Section
2.2.1, (Haque et al., 2017) reported that 65% of the cost in an ESP life-cycle is due to
energy cost. So, it worth understanding the cost of the different alternatives with
different power consumption in this research.
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Energy Intensity, is the amount of energy per volume unit, given in kWh/m3,
it is influenced by the equipment overall efficiency, and total dynamic head (TDH).
The Equivalent Annual Cost (EAC) of an investment for each scenario is calculated
as in Equation 4 (El-Shimy et al., 2016).
𝐸𝐴𝐶 =

𝐶∗𝑟
1−(1+𝑟)−𝑇

(4)

Where C is the capital cost, r is the discount rate and T is the lifetime period. The
EAC approach doesn’t include the maintenance and energy cost, operational
expenditure (OpEx) (Alam, 2016; El-Shimy et al., 2016), rather it represents the
equal distributed annuity cost of an investment while considering its life cycle and
future value of the cash.
As pumping equipment are designed to work for several years, it is important
to include the capital expenditure (CapEx) that consists of the equipment and their
installation costs that varies in each scenario, OpEx which considers the total
operation cost including maintenance and energy costs, and discount rate (R).
Levelized Cost of Energy (LCOE) which was used in several related literature (ElShimy et al., 2016; IEA, 2005; Kaya et al., 2019; Shannak, 2018) will be used to
estimate the real cost of water extraction on long term, that takes into account the
CapEx, OpEx, discount rate and life of a system as shown in equation 5. This study
will consider LCOE for all the alternatives as shown in equation 5
𝑛

𝐿𝐶𝑂𝐸 =

𝑀𝑡
𝑡
𝑡=1(1+𝑟)
𝑛
𝑣𝑡
∑
𝑡
𝑡=1(1+𝑟)

𝐼𝑡 + ∑

(5)
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Where It is the investment expenditure in year t, Mt is the operation and maintenance
expenditure in year t, r is the discount rate and n the lifetime of the system, and the
obtained LCOE in USD/m3.
It is possible to find out LCOE after the data collection from the field on the
monthly energy consumption (cons) and monthly withdrawn water volume (v). 12
monthly obtained readings of electricity consumption in (kWh) from independent,
calibrated power meters for each submersible motor with no other loads and
extracted volumes in (m3) from (16 wells) were collected, initially energy intensity
will be calculated by dividing the consumption over the volumes (in kWh/m3) and
compared with the theoretical intensity by using a fixed value of (Q= 1 m3/h) since
the intensity as defined earlier is the power consumption per volume unit. For the
sake of understanding quality of the data used in the calculation of levelized cost,
theoretical and field obtained data will be compared to understand any offset due to
external factors.
Initial investment prices were obtained from the suppliers of the equipment,
in some instances where end-users have lost equipment prices, same equipment
suppliers were approached to assist with the equipment price. Operation,
maintenance, and installation cost was provided by operation and maintenance
contractors. Equipment lifetime was estimated to be 6 years for the systems fed by
the grid and generators which was considered a fair lifetime of a conventional system
according to the contractors and suppliers too, while for motors powered by PV
panels, lifetime was based on 25 years according to the literature explained in
Chapter 2. Energy tariff used to translate kwh/m3 to USD/m3 is the average of the
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latest tariffs in the six GCC states as shown in Figure 10. Several components
affecting the cost of extraction are shown in Figure 11.

Figure 10: Energy prices in GCC

•daily pumping
hours
•seasonal/perma
nent
•Area covered

•Discount rate
•system lifetime n

Demand

Financial

LCOE
CapEx
•Equipment
Cost
•Installation Cost

OpEx

•Energy cost
•Maintenance cost
•Consumables
•Total head
•Efficiency

Figure 11: Variables affecting on cost of water extraction

Comparison of the LCOE results will be done via statistical approach using
the SPSS software by comparing the means of the scenarios, comparison of one-toone scenarios “multiple comparison using Scheffe method of comparison and finally
seeking the significant parameters effecting LCOE values using the regression
method to understand the significant influencers of the cost of water extraction.
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Estimating the above-mentioned parameters such as CapEx, OpEx, were part
of relevant studies done in this field as cited. Inter-American Development Bank
(IDB) published a manual for evaluating water pumping system and stressed on the
opportunities to create savings using higher efficiency pumps and motors and
renewable energy (IDB, 2011) .
3.2.1 Limitations and Assumptions
-

Lifetime of pumps are 6 years based on end user’s feedback at the water
authorities’ level and some of their suppliers who confirmed the same. The
relevant papers in water pumping, projected the annualized cost and levelized
cost of energy for 20 years, this duration will be considered for the solar
panels lifetime. Also, conditions of operation in the GCC in terms of power
stability in rural areas, rapid dynamic changes to water quality and quantity,
and harsh climatic conditions does not qualify equipment to survive more
than the suggested lifetime and all these offsets to the correct working
conditions are excluded from the assumptions.

-

CapEx does not include drilling new wells; research considers only the
existing wells.

-

CapEx considers the cost of equipment for standard temperature (maximum
30°C) and standard material motors and pumps with total dissolved solids
TDS up to 2000 mg/l in which standard material pumps and motors are used.
Higher temperatures and TDS concentration require higher investment.
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3.3 Environmental Assessment
With a lot of energy is required in groundwater extraction activities, as
mentioned that energy is an essential element that contributes the most in electric
submersible pump system’ lifecycle, environmental concerns arise and it worth
understanding the entire environmental impact for the suggested alternatives by
performing life cycle assessment, the widely used framework for an LCA studies and
commonly used in water and energy analysis, relevant LCA studies as discussed in
chapter 2 were according to the ISO14040 and ISO14044 frameworks (Figure 12).
ISO is the most globally recognized standardization organization that works closely
with the International Electrotechnical Commission (IEC) on the electrotechnical
standardization matters. Furthermore, ISO standards are publicized after the approval
of 75% of its members.

Life Cycle Assessment Framework
Goal and Scope
Definition
Inventory Analysis

Interpretation

Impact Assessment

Figure 12: Life cycle assessment framework according to ISO14040

3.3.1 ISO 14040:2006 / ISO 14044:2006 Frameworks
ISO 14040:2006 and ISO 14044:2006 framework, are environmental
management standards prepared by the international organization of standardization
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ISO,15. While ISO 14040 sets the general principle and framework for a life cycle
assessment and life cycle inventory (LCI), the ISO 14044 sets more specific
requirement. Both standards have the same structure. These standards investigate the
environmental impact of an entire life cycle of a product – cradle-to-grave approach
(ISO, 2006a, 2006b), also called cradle-to-cradle approach. There are four phases in
an LCA study as shown in Figure 12 and as explained below:
1) Goal and scope definition phase: the goal includes the reason of performing
the study, audience, and exposure level of the report, while the scope shows
the product that is being evaluated, functional unit, system boundary, impact
categories and selected method of impact assessment, data requirement,
assumptions, limitations, and initial data requirement.
2) Life cycle inventory (LCI) analysis phase is the stage where the
environmental input and output data are collected. Data required within the
same system boundary such as raw material, energy input, water required,
and emissions discharged to air, water, or soil. In this phase its required to
quantify input/output data within the system boundary defined in the goal and
scope definition.
3) Life cycle impact assessment (LCIA) phase aims to evaluate the significance
of potential environmental impacts using LCI results to classify resource use
and emissions generated. Results are seen via different approaches as detailed
in (ISO, 2006b), Impacts are categorized as midpoint categories such as
human toxicity, global warming, ozone layer depletion, etc. and endpoint
15

Together with ISO 14044:2006, those two standards have canceled and replaced
older versions of ISO14040:1997, ISO 14041:1998, ISO 14042:2000 and ISO
14043:2000 (ISO, 2006a)
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categories or called as well “damage categories” such as human health,
ecosystem quality and resources. Figure 13 represents the ReCiPe method,
one of the impact assessment selection and calculation methods.
ReCiPe is an LCIA method that was developed by RIVM, Radboud
University Nijmegen, Liden University and PRe Sustainability. It translates
emissions and resource extractions into a limited number of environmental
impact scores by means of characterization factors. Those factors are
characterized by 18 midpoint and 3 endpoint indicators as shown in Figure 13
and to present specific processes into an equivalent unit. There are several
other methods such as and not limited to IMPACT 2002+, CML 2001 and
Ecoindicator 99.
4) Interpretation phase: is the last phase of an LCA. The systematic approach
above at this stage enable understanding and helping to classify and quantify
the impacts found. Results, outcome, and recommendations are usually
discussed at this final phase of the LCA study. Note that limitations and
recommendations are delivered at this phase, too.
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Figure 13: Overview of the impact categories of the ReCiPe2016 methodology
(Huijbregts et al., 2016)

3.3.1.1 Goal and Scope Definition
Under this study, there are three sources of energy to power up a submersible
motor (grid, PV, and diesel generator), and two types of motors are being evaluated
(IM and PMM motors) as anticipated in the previous chapter. Each combination
represents one of the scenarios to be examined, Table 4 shows the all the six
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possible scenarios, however there are two scenarios will not be evaluated, PMM
motor powered by a generator is uncommon in the field and no installation was
found in this combination from those who provided access to their wellfields, while
PMM with in conjunction with PV panels is a recent development, it have been used
for a while in smaller pump ratings than the study power ratings and not feasible to
any of the end-users for a trial therefore there are no data can be obtained. Selected
scenarios remain as per Table 4 below. Study will focus on the possible impacts and
understanding of all the possible power sources for ASM motors and in addition, PM
motor fed by the national grid.
Table 4: Research scenarios
ASM

PMM

Grid

Scenario 1

Scenario 2

Solar

Scenario 3

Excluded

Generator

Scenario 4

Excluded

Evaluation will take place from several locations within the GCC region. The
region is an area for almost 54 million inhabitants, where water demand has some
significant figures, in Saudi Arabia for instance, about 10 per cent of the country’s

46
electricity is used for water production while in Abu Dhabi, more than 22 per cent of
the emirate’s total CO2 emissions16.
Almost 50 percent of water relevant studies suggested that 1m3 of water
volume is the functional unit (FU) (Loubet et al., 2014), it will be followed as well
for this study as the functional unit. All the other assumptions are described in Table
5.
Suggested scenarios as described earlier, consists of 3 possible sources of
energy, Figure 14 illustrates the system boundaries for each source of energy
including the main components/equipment to be taken in consideration from the
power source till the water at its point of discharge.
Goals, scope, and boundaries for the four different scenarios (Figure 14):
-

Scenario 1 (Sc1) represents water pumping with an induction synchronous
motor powered by the main grid, with an electricity mix integrated by the
share of natural gas and oil; representing Gulf region case.

-

Scenario 2 (Sc2) is equivalent to SC1 with the unique difference of the
consideration of a permanent magnet motor controlled by a VFD instead of
the previous induction synchronous motor.

-

Scenario 3 (Sc3) considers water pumping with an induction synchronous
motor powered by solar photovoltaic energy without battery for energy
storage.

Prof. Peng Wang – professor of environment at King Abdullah University of
Science and Technology (KAUST) told Water World magazine on its edition
published online on June 11th, 2020
16
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-

Scenario 4 (Sc4) considers diesel generator to power the induction
synchronous motor for water pumping.
Table 5: LCA assumptions baseline

Functional unit

1 m3 of pumped water

Boundaries

Cradle to cradle

End-of-life treatment

Recycling

Lifecycle of motor and pump

6 years

Lifecycle of PV installation

30 years

Lifecycle diesel generator

7 years

Lifecycle of pumping station

25 years

Motor/pump capacity

22 kW

Diesel generator capacity

60 kVA

Efficiency diesel generator

0.4 liter/kWh (Alyunov et al., 2020)

Global horizontal irradiation (GHI)

2,400 kWh/m2year [6.5 kWh/m2day]

Operation schedule of SC1, SC2 and
SC4

12 hours/day full load

Operation schedule of SC3

7 hours/day full load based on solar
irradiation profile

LCA methodology

ISO 14040 (2006) & ISO 14044 (2006)

Energy LCA method

(Antonanzas et al., 2019; Frischknecht
et al., 2016)

Life cycle inventories

Ecoinvent 3 (Wernet et al., 2016)

LCA software

openLCA 1.10.3

Location

Arabian Peninsula

Environmental indicators LCA

18 MidPoint ReCiPe (2016)

Additionally, the conversions of energy to water described in Table 6
considering functional unit 1 m3 of water elevated 90 m, assuming the same water
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temperature in all four scenarios to ensure the compliance of the ISO 14044
guidelines. Regarding SC1, SC2 and SC4 the volume flow rates are equivalent and,
thus, physical losses in piping were assumed to be the same in these scenarios. SC3
considers a larger piping to ensure the same physical losses as for previous scenarios.
Table 6: Conversion energy to water in four scenarios

Flowrate
(m3/h)

205,860

47

12

77439.5

17.68

0.376176

SC2

90

0.72

227,760

52

12

77348.0

17.65

0.339603

SC3

90

0.65

196,735

77

7

74006.9

28.96

0.376176

SC4

90

0.65

223,380

51

12

100741.8

75

0.450989

Intensity
(kWh/m3)

Annual
Volume
(m3)

0.65

Shaft Power
Required
(kW)

Efficiency

90

Energy
(kWh)

Head (m)

Hours/day

Scenario
SC1
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Figure 14: System boundaries for different alternatives

3.3.1.2 Life Cycle Inventory (LCI)
Life cycle inventory is a compulsory step in the LCA that considers the input
and output flows for a system, for instance, input of water, energy and emissions to
the air, land, or water. Performing LCA study require set of data for system
components as in Figure 14 and their environmental data inventories used in the
LCA study will be taken from ecoinvent database while energy used in pumping
activity is taken from the field. Table 5 summarizes the baseline assumptions. The
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ecoinvent Association was originally known as the ecoinvent Centre, the Swiss
Centre for Life Cycle Inventories. Its not-for-profit association founded by several
institutes of the ETH Domain and by Agroscope”17. It is available free for students’
academic use for non-funded research. This worldwide accepted ecoinvent 3
lifecycle inventory database combined with openLCA -open software- was
considered for the calculation of LCA environmental impact of scenarios defined.
The use of ecoinvent database is justified due to the hierarchist benchmarking
methodology with attributional modeling (Huijbregts et al., 2016). This ecoinvent 3
database has been previously considered for environmental LCA for energy and
water purposes (Godskesen et al., 2018; Pradeleix et al., 2015; Vince et al., 2008) as
the most worldwide referred and accepted database (Kiss et al., 2020). For lifecycle
inventories, the cutoff approach was selected to integrate primary manufacturing for
primary users, which implies that any kind of recycled material is provided burdenfree for manufacturing and thus, without any kind of benefit to wastes. The cutoff
approach is the most frequent choice for LCA practitioners to evaluate energy
generation (Antonanzas et al., 2019).
3.3.1.3 Life Cycle Impact Assessment (LCIA)
LCI results will be used to evaluate the significance of potential impacts.
There are mandatory elements during the LCIA phase to comply with the
ISO14040:2006, the order of the mandatory elements is: selection of impact
categories, assignment of LCI results “classification” and calculation of category

17

https://www.ecoinvent.org/about/organisation/organisation.html accessed on
31.12.2019
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indicator results “characterization” followed by optional elements (grouping and
weighting) which will not be performed in this study.
LCIA is quantifying and evaluation of the significance of potential impacts,
this is another mandatory requirement according to the ISO14040:2006 framework.
This study follows ReCiPe 2016 method as anticipated earlier. This method is
adopted from CML2001 characterization method for midpoint categories.
Calculation to be done by the modelling software OpenLCA.
OpenLCA software, like other LCA software can estimate the impact of
several environmental categories according to the user’s selected method. Midpoint
categories such as Global Warming Potential (GWP), Aquatic Acidification Potential
(AP), Aquatic Eutrophication Potential (EP) and Ozone Depletion (OD)... etc. to be
calculated at this phase of the study.
3.3.1.4 Interpretation
Interpretation according to the ISO 14040:2006 as defined by (Barjoveanu et
al., 2010) as “using the results to reduce the environmental impacts associated with
the product or process”. Contribution of the impacts must be analyzed for each
scenario as a process of the results interpretation (Loubet et al., 2014) and its
recommended also to carry out a sensitivity analysis (Godskesen et al., 2018; Loubet
et al., 2014; Pradeleix et al., 2015).
3.3.2 Scenarios and LCI
3.3.2.1 Scenarios 1 and 2
Electricity grid in Arabian Peninsula is constituted by fossil fuel, electricity
generation based on oil and natural gas, transport in high voltage transmission line,
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transform to medium/low voltage, used in electric synchronous induction motor
(Scenario 1) or permanent magnet motor (Scenario 2) to drive the water pumps.
Electricity production mix in the GCC is considered based on the average
technologies used to generate, transmit and distribute electricity for the region, as
depicted in Table 7. Thus, for the generation of 1 kWh, natural gas and oil accounted
as 44.686% and 55.314%, respectively (IEA, 2020). The ecoinvent specific
denominations were depicted in Table 7.
Initially, it was researched for lifecycle inventories covering the electricity
generation, transmission, and conversion to low voltage in the Gulf Region. This was
done by showing the transmission of 1 kWh electricity at high voltage and later the
transformation to low voltage. This activity ends with the transport of 1 kWh of
medium voltage electricity in the transmission network over aerial lines and cables
considering electricity inputs, transmission network, electricity losses during
transmission and transformation.
The following exclusions were considered due to the complexity of taking
them into account and their low estimated importance on the overall environmental
impact.
- Zinc emissions from steel masts. Steel masts used for aerial lines are coated in
order to prevent corrosion.
- Leakage of insulation oil and electrical equipment (transformers, switchgear,
circuit breakers) because this only happens in case of accidental release.
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Table 7: Generation mix considered for scenarios 1 and 2

1

2

3

4
5
6
7

Process mix inventory
Electricity production, natural gas,
combined cycle gas turbine CCGT, cutoff
Heat and power, cogeneration,
conventional 100 MW power plant,
natural gas, cut-off
Heat and Power co-generation, natural
gas, combined cycle power plant, 400
MW electricity, high voltage, cut-off
Electricity production, natural gas,
conventional power plant
Electricity production, oil, conventional
power plant, cut-off
Transformation network, cut-off
Long distance network, cut-off

For 1 kWh of electricity generation
0.0152 kWh

0.08658 kWh

0.03054 kWh

0.31453 kWh
0.55314 kWh
6.58E-09 km
3.17E-10 km

To summarize, as also shown in Table 7, to produce and transport 1 kWh of
electricity it is necessary to integrate 0.0152 kWh of electricity produced with a
combined cycle gas turbine, as well as the rest of technology shares as shown in
Table 7, and it is necessary to integrate the impact of transformation and longdistance network. Each process of Table 7 are disaggregated into their basic lifecycle
inventory flows hereinafter and detailed in Appendix A (Table A-1 to Table A-5).
Note that lifecycle inventory for a combined cycle gas turbine powered with
natural gas for the gulf region and power plant efficiency, transportation distances
and water use were assumed for the Kingdom of Saudi Arabia due to a major access
to lifecycle inventory data.
Life cycle inventory for manufacturing 22 kW water pump with motor, per
item is provided in Table 6 in the Appendix A. Note that this lifecycle inventory was
used in all the scenarios assuming that the impact of the differences in manufacturing
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between an induction synchronous and a permanent magnet motor are negligible
over the whole life cycle, in which the electricity generation represents most of the
environmental impact contribution.
Transportation of pump and motor considered in this study is assuming an
estimated freight of 13,000 km from China/Europe to Arabian Gulf. The lifecycle
inventory for freight considers a functional unit 1 Ton-km. Likewise the lifecycle
inventory for pump-motor, this inventory serves for the four scenarios considered in
the study. Transportation of pump and motor to be included into the LCA assuming
an estimated freight of 500 km from factory to site. Lifecycle inventory considering
the functional unit 1 Ton-km. Likewise the lifecycle inventory for pump-motor, this
inventory serves for the four scenarios considered in the study. To consider the
maintenance of the pumping station it is assumed transportation with a large size car
considering distance of 2,000 km per year. This inventory serves for the four
scenarios considered in the study.
3.3.2.2 Scenario 3
Photovoltaic power generation in the Arabian Peninsula constitutes a great
opportunity for generation due to its large solar resource and available land.
Scenario 3 is the “solar pumping”, this is considering the motor being powered by
the electricity generated by the photovoltaic installation when the solar resource is
available. No storage in batteries will be considered for this LCA. Due to the
scalability of solar photovoltaic energy, many authors have distinguished between
solar home systems (<3 kW), medium size solar systems (<1 MW) and utility scale
solar systems (>1 MW). Bibliography of LCA for photovoltaics showed that this
scalability of photovoltaics also applies to the environmental impact (Antonanzas et
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al., 2019). For this reason and seeking to make the LCA for Scenario 3 sufficiently
generalist for the Gulf Region, it was assumed a medium size solar system to power
Scenario 3. Thus, the relative lifecycle inventory was extracted for a medium size
solar system of 570 kWp and then normalized to the functional unit of 1 kWh of
generation considering the assumptions specified in Table 5.
Cut-off life cycle inventories from ecoinvent 3 were selected for the
electricity generation with PV in scenario 3. The database selected for photovoltaics
represents the production of grid-connected low voltage electricity with a 570 kWp
open ground photovoltaic (PV) plant. Large central photovoltaic power stations in
the higher kilowatt to megawatt range can feed directly into the medium- or high
voltage grid. However, the voltage depends largely on the design and size of the
plant. In order to treat all photovoltaic installations, the same way (no matter which
size, design, and installation type (building integrated or open ground), low voltage
electricity is assumed as a product in this dataset. The plant consists out of multi-Si
panel modules with a total capacity of 570 kWp at a site with 2,400 kWh/m2year. An
inverter is used to convert the low voltage DC power into AC power. This dataset
includes tap water use for cleaning the module and its treatment along a 30 year
lifecycle. Table A-8 in Appendix A depicts the elementary flows in the lifecycle
inventory of a photovoltaic power plant.
This ecoinvent dataset represents the installation of a photovoltaic power
plant with a capacity of 570 kWp and a lifetime of 30 years installed in 2018 on the
Gulf region. Since the capacity required for water pumping is smaller (in the range of
30 kW), results were normalized to the functional unit of 1 kWh.
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The plant consists out of the following infrastructure parts (represented by
unit processes in the database):
- Technology: multi-Si (mc-Si) panel
- Open ground mounting structure
- 500 kW inverter
- 570kWp electric installation
This dataset includes all components for the installation of a 570 kWp open
ground photovoltaic plant (modules, mounting system, electric installation, inverter,
fence) and the energy use for mounting. Table A-7 in Appendix A depicts the
lifecycle inventory of the construction of a PV power plant based on the aforementioned specifications.
3.3.2.3 Scenario 4
Electricity generation with an off-grid diesel generator of 60 kVA located
near the wellhead without electricity transport losses, operation of synchronous
induction motor for powering submersible motor. Cut-off life cycle inventory
depicted in Table A-9 of Appendix A
3.4 Societal Assessment
As this study is involved in the municipal water wells which is owned by the
government, the stakeholders involved in this study are limited to the water
authorities, operation and maintenance contractors and residents within a proximity
of the wells studied. However, the latter will be excluded from the societal
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assessment as the scope of the study does not have any impact on the dwells and
their residents.
As discussed in the literature and shown in Table 3, there is a clear lack of
societal considerations in similar research in water extraction and its technologies. In
this study, the societal assessment will be discussed in terms of job creation, and
human resources development by talking to the mentioned stakeholders and
understanding the societal impacts associated with implementing other technologies
beside the conventional extraction technology. The main societal factors were
discussed in similar studies were mainly focused on electrifying rural area and access
to water, however this is not a matter of discussion in the area of study due to the
availability of electricity and access to water, hence, it’s not relevant for the scope of
this study.
3.5 Data Collection
For the economic part of the study, data of monthly electricity consumption
and extracted volumes of water were collected from 16 wells from different
wellfields owned by water authorities/companies, however it was not possible to
obtain all equal data within the government owned wells, some readings were
collected from large commercial farms who accepted to give the required data Table
8. The remaining required information for the LCOE calculation described Appendix
B were taken from the well managing companies for the maintenance and installation
cost, while discount rate in GCC countries is estimated to be 1%, it worth note that
discount rate differs and constantly being reviewed due to the economic condition of
each state, currently discount rates are too low due to the economic situation and its
between 0.5% to 2% across the region. As detailed earlier in this chapter, lifecycle
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inventories required to perform the LCA will be taken from ecoinvent 3.7 database
and literature and explained in the LCI tables in Appendix A.
Table 8: Collected well’s data

Scenario 1

Scenario 2

Number of wells

4

Monthly
readings

12

Countries

Oman, Kuwait

UAE and
Oman

Scenario 3

Scenario 4

KSA, UAE &
Oman

Kuwait &
Oman

3.6 Overall View on Methodology
Once economic, environmental, and societal pillars results are obtained,
sustainability index model (SI) (Equation 6) can be built from the individual results
as shown in Figure 15. Normalization step is important at this stage to ensure the
consistency in the overall evaluation process.
3.6.1 Normalizing/Weighing
Results obtained from the 3 assessments will be normalized. Normalizing
process will be by the division of the same impact for each scenario by the maximum
value in the same string of data. Once data are normalized a completely new table
will be generated. Weights of each scenario will be multiplied by the impact of each
scenario and summed to be (sum of weighted normalized value = economic weighted
normalized value + environmental weighted normalized value + societal weighted
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normalized value). Equation 6 can be used at this stage to find out the relative
sustainable index.
3.6.2 Decision Model (Sustainability Index)
Note that each of the sustainability pillars has a weight, the weight can vary
depending on the area of protection that the decision maker has an interest in.
𝑆𝐼 =

(ℎ𝑖𝑔ℎ𝑒𝑠𝑡 𝑖𝑚𝑝𝑎𝑐𝑡 𝑠𝑐𝑒𝑛𝑎𝑟𝑖𝑜−𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑠𝑐𝑒𝑛𝑎𝑟𝑖𝑜 𝑖𝑚𝑝𝑎𝑐𝑡)
ℎ𝑖𝑔ℎ𝑒𝑠𝑡 𝑖𝑚𝑝𝑎𝑐𝑡 𝑠𝑐𝑒𝑛𝑎𝑟𝑖𝑜

∗ 100

(6)

Sustainability
Economic

Environmental

Societal

Cost of
extraction via
LCOE

Life cycle assessment
according to
ISO14040:2006

Field survey

Normalizing / Weighing
Sustainability Index (S.I)

Figure 15: Sustainable index decision model
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Chapter 4: Results and Discussion
4.1 Economic Assessment
The LCOE of the four scenarios was calculated from the collected data, it
represents the actual cases according to field data, LCOE values are highly variable
depending on the different pumped volumes, pumping hours, investment cost, energy
consumption and tariffs. It is often calculated by the manufacturers the results from
an assumption of 24/7 operation, it does not seem to be anywhere close to the
collected field data as many wells operate for less than 12 hours/day. The selected
wells were all within the very common depths for many water authorities wells in the
region, with total dynamic heads were between 60 to 90 m – details of well data in
Appendix B.
Results of each scenario appeared to be as shown in Figure 16 with 4
readings for each scenario. There is a clear sign of wide variability of scenario 4 and
very high cost of pumping in scenario 3 comparing to other scenarios. However, they
will be discussed further from statistical standpoint.
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$/m3

$/m3

(a)
(b)
Figure 16: Graphical summary of LCOE results by scenario. LCOE values for each
scenario with four cases per scenario and variable location specific factors (a)
boxplot; and (b) individual plot

Initially, it worth understanding the correlation between the LCOE and each
of the scenario type (Sc), volume extracted per year (V), initial investment (It),
equipment overall efficiency (n) and total dynamic head (H). Pearson’s correlation
shows that overall efficiency and system head have weak correlation to the LCOE
with slight advantage of correlation for the efficiency factor with r = -0.33 (Figure
17a). Scenario, volume, and initial investment factors showed a moderate correlation,
note that volume has a negative correlation as it increases the LCOE value drops.
Dynamic head has very weak correlation, it is important to note that this is due to the
close similarity of head in the studied wells evaluated between 60 to 90 m, however
if head was too far from those investigated then the dynamic head may be a
significant factor to consider.
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Sc
n

n

V

It

V

0.151
0.155 0.452

It

0.453 0.180 0.356

H

0.000 0.422 0.013 0.085

LCOE 0.605

H

- 0.513
0.330 0.402
0.005
(a)

(b)
Figure 17: Pearson’s correlation between LCOE and significant factors.
(a) Scheffe method of Post Hoc test for the comparison of means showing the
moderately correlated factors to impact LCOE (b) Annual volumes extracted vs.
LCOE; and (c) Initial investment vs. LCOE
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(c)
Figure 17: Pearson’s correlation between LCOE and significant factors. (a) Scheffe
method of Post Hoc test for the comparison of means showing the moderately
correlated factors to impact LCOE (b) Annual volumes extracted vs. LCOE; and (c)
Initial investment vs. LCOE (continued)

Analysis of variance (ANOVA) test was performed for the LCOE values for
the 4 scenarios, as seen in Table 9. Scenario 1 with the conventional ASM motor has
the least LCOE mean values (LCOE = 0.0719 $/m3, SD = 0.00979) while scenario 3
with the solar option was the most expensive extraction method (LCOE = 0.2521
$/m3, S.D = 0.03603).
Table 9: Means of LCOE of each scenario from the SPSS output
Scenarios

N

Mean

Std. Deviation

Std. Error

Minimum

Maximum

1.00

4

.0719

.00979

.00489

.06

.08

2.00

4

.1023

.01723

.00861

.08

.12

3.00

4

.2521

.03603

.01801

.20

.28

4.00

4

.1603

.06743

.03371

.09

.25

Total

16

.1467

.07921

.01980

.06

.28
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There is significant difference between all the scenarios with P-Value = 0.000
(significant at 99% confidence interval). However, from a closer look for the
difference between scenarios individually, it was seen that it is only that scenario 3 is
significantly higher than all the others. The difference between individual
comparison between other scenarios was not significant as shown in the Post Hoc
test in Table 10.
Table 10: Scheffe multiple comparison of means
Multiple Comparisons
Dependent Variable: LCOE
Scheffe
95% Confidence Interval

Mean
(I) Sc

(J) Sc

1.00

2.00

-.03037

.02792

.759

-.1207

.0600

3.00

-.18013*

.02792

.000

-.2705

-.0898

4.00

-.08842

.02792

.056

-.1788

.0019

1.00

.03037

.02792

.759

-.0600

.1207

3.00

-.14976*

.02792

.002

-.2401

-.0594

4.00

-.05804

.02792

.280

-.1484

.0323

1.00

.18013*

.02792

.000

.0898

.2705

2.00

.14976*

.02792

.002

.0594

.2401

4.00

.09172*

.02792

.046

.0014

.1821

1.00

.08842

.02792

.056

-.0019

.1788

2.00

.05804

.02792

.280

-.0323

.1484

3.00

-.09172*

.02792

.046

-.1821

-.0014

2.00

3.00

4.00

Difference (I-J)

Std. Error

Sig.

Lower Bound

Upper Bound

*. The mean difference is significant at the 0.05 level.

Several factors were involved in the comparison as explained; however, they
may not necessarily impact the LCOE. Regression model was built seeking initially
non-significant variables – if exists. Table 11 shows all the factors integrated in the
regression analysis. From the p-value and t-value its seen that only scenarios: annual
volume, and investment cost can be considered while efficiency and head can be
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removed by refining the model (R2 = 0.83). Table 12 shows the refined analysis
results in which all the remaining factors are significant (R2 = 0.826). Refining is for
illustration only and regression is not meaningful in the scope of the study.
Table 11: Regression model prior refining
Coefficientsa
Standardized
Unstandardized Coefficients
Model
1

B
(Constant)

Std. Error
.165

.137

-.096

.241

V

-4.499E-7

H
Sc

Beta

t

Sig.

1.208

.255

-.069

-.398

.699

.000

-.636

-3.984

.003

.000

.001

-.015

-.101

.922

.030

.011

.443

2.886

.016

3.384E-6

.000

.553

3.540

.005

eff

It

Coefficients

a. Dependent Variable: LCOE

Table 12: regression model post refining
Coefficientsa
Standardized
Unstandardized Coefficients
Model
1

B
(Constant)
V

.096

.026

-4.712E-7

.000

.032
3.309E-6

Sc
It

Std. Error

Coefficients
Beta

t

Sig.

3.739

.003

-.666

-5.169

.000

.009

.463

3.430

.005

.000

.541

3.786

.003

a. Dependent Variable: LCOE

Overall, the 3-D plot in Figure 18 gives a reasonable idea on the LCOE
behavior for all the scenarios together with pooled LCOE results, there is a visible
tendency to have higher LCOE cost in the regions of the plot where extracted
volumes are low, and investment is high.
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Figure 18: Surface plot of pooled LCOE vs. investment and volume

4.2 Discussion
From the results and analysis above, it is very clear that within an equipment
lifecycle, whether 6 years for IMs, PMMs and diesel driven motors or the 25-years
for Sc3, the conventional technology of the IMs featuring the lowest extraction cost
with LCOE = 0.0719 $/m3. From financial aspects, the closest option is the PMM,
and it cost 42.2% than cost of extraction using IMs in the lifecycle, followed by
diesel generators and solar energy that cost 122% and 250% compared to the IMs,
respectively. Therefore, the only consideration of the financial aspects with the
figures obtained, there is no advantage of introducing other alternatives as the cost is
way higher than IMs unless its supported by any other environmental or other
reasons.
There are two main factors that are significantly affecting on the cost;
volumes extracted and the initial investment, the latter could be a “difficult to
control” factor. Annual extracted volume is an important factor to be considered to
make an effect in the LCOE as shown earlier. Several locations among those
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examined in this study were seen to be working as low as 4 hours a day. To elaborate
the impact of the volume extracted, 2 cases were theoretically simulated with higher
volumes, solar driven pump was assumed to be working 8 hours per day throughout
the year, LCOE would drop from 0.257 to 0.202 $/m3 and another case showed drop
from 0.273 to 0.25 $/m3, while in diesel generators case assuming 14 working hours
per day, LCOE can drop from 0.253 and 0.246 to 0.141 and 0.112 $/m3 respectively.
Submersible borehole motors are classified as “continuous duty” often
referred as “S1 motors” which means that they are suitable to operate with non-stop.
One fundamental point is the selection of pumps observed were sometimes
inefficient for the following reasons: operating pumps at the borders of safe working
zones or out of its recommended operating zone resulting working on very low
efficiency which has an impact on the overall efficiency and therefore, higher energy
consumption. Secondly, low extracted volumes; the contribution of volumes
extracted to the levelized cost is high. The practice of having oversized equipment is
more expensive and affecting the initial investment factor which was seen also to
have a significant impact on levelized cost. Such behavior resulting stress on
aquifers, low working hours, system deficiency and finally higher extraction cost.
Non-centralized operation with many wells at a neighboring village at almost similar
altitudes with proximity did not seem to have any explanation and worth further
investigation seeking the benefit of more centralized pumping to cover wider area, as
the added head due to the friction losses in the horizontal pipe distance is minimal,
one pump can work instead of more than 2 pumps delivering same required annual
extracted volume. This may lead to reducing initial investment, and increasing the
volumes extracted and therefore a noticeable reduction in LCOE, however this is an
assumption depending on the geographic distribution of beneficiaries and worth
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further investigation. As anticipated above for better elaboration purpose, the LCOE
of conventional IMs may drop according to the theoretical simulation by increasing
the working hours and therefore extracted volume from 0.072 to 0.062 $/m3.
Another reason of the observed some cases of inefficient systems with low
overall efficiency or poorly selected equipment, this question was raised to the
personnel from water authorities, it was claimed that this is due to the bulk
purchasing in public tenders to secure adequate level of pump on shelves for the
hundreds of wells that water authorities are operating, it can lead many times to
uncontrollable offsets from being fairly sized and operating at or close to pump best
efficiency point, as bulk purchases such as tenders are not meeting necessarily each
and every well, tenders are designed to meet the overall water conditions and
requirement and too difficult to maintain the optimal selection for all the wells as
case-by-case approach where the equipment are all imported and not produced
locally which takes time to arrive. It worth note that despite equipment efficiency has
no significant impact on the LCOE statistically, however there is a “low” negative
correlation of R= -0.33 and it is one of the variables making up the extraction cost.
Hence, to maintain the least cost impact, volumes and working hours are
important factors prior any decision towards keeping business as usual with IMs or
choosing alternatives away from IMs for any other non-financial reasons.
Recommendations:
-

IM still considered the most economic throughout pump set life cycle, better
equipment selection is important aiming to reduce the extraction cost.
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-

If required to select other alternatives, PMMs if selected carefully where
motor will be working for longer hours per day, LCOE can be close to IMs
however still more expensive unless the wells are operative for way longer
hours.

-

Solar technology is still considered non-competitive extraction cost
comparing to all the other alternatives, due to investment cost and volumes.

-

Diesel generator as a source of power is not a preferred solution despite the
cost can be competitive to IMs if motor is working longer hours per day.

-

In all the cases, installation, and operation condition to increase pump and
motor lifetime is an essential key to mitigate the excretion cost.

4.3 Environmental Assessment
As anticipated in the method section for the goals, scope and boundaries
represented also in Figure 14 for the four different scenarios:
-

Scenario 1 (SC1) represents the water pumping with an induction
synchronous motor powered by the main grid, with an electricity mix
integrated by the share of 45% of natural gas and 55% of oil sources of
energy; representing the Gulf region energy mix proportion as described in
literature – see Section 3.3.

-

Scenario 2 (SC2) is equivalent to SC1 with the unique difference of the
consideration of a permanent magnet motor driven by a VFD instead of the
previous induction synchronous motor with the same source of energy. This
is called out of the environmental assessment as scenario 2 for the PMM fed
by the grid.
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-

Scenario 3 (SC3) considers water pumping with an induction synchronous
motor powered by solar photovoltaic energy without battery for energy
storage. This is the solar option elsewhere called scenario 3

-

Scenario 4 (SC4) considers a diesel generator to power the induction
synchronous motor for water pumping. Originally and in the next sections
noted as scenario 4.
The contribution of Climate Change (GHG), Human Toxicity (HT), Fossil

Depletion (FD), Terrestrial Acidification (TA) and Particulate Matter Formation
(PMF) of the electricity generation to produce 1kWh from the different sources for
all of the scenarios, electricity from the national grid, solar energy and diesel
generators is shown in Figure 19, scenario 3 has the larger are of impact for the given
impacts, while scenario 2 has the least impact with the smallest area shown in the
Figure, ReCiPe indicators are described hereinafter, contribution trees Tables A11A14 in Appendix A.
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GHG
1.5
1
PMF

HT
0.5
0

TA

WD

FD
Option 1

Option2

Option3

(a)
1.6
1.4

1.2
1
0.8
0.6
0.4
0.2
0
GHG

HT

WD

FD

TA

PMF

(b)
Figure 19: Contribution of indicators for electricity generation processes
GHG given in kg CO2 eq, HT in kg 1,4-DB eq, WD in m3, FD in kg oil eq, TA in
SO2 eq, PMF in kg PM10 eq. Option 1 represents the electricity from the grid,
Option 2 electricity from the PV panels; and Option 3 for the electricity form the
diesel generator

The midpoint results of the LCA using openLCA software (Figure 20) for the
aggregated inventories, as per the assumptions described in Section 3.2 and the
detailed life cycle inventories, tables in Appendix A, resulted the MidPoint H
ReCiPe indicators values shown in
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Table 13. Note that some processes are described considering functional
energy units (kWh), others are described per item (i.e., the pump-motor and diesel
generator) and others as function of distance or weight-distance. Thus, from this
point it was necessary to compute the accumulated environmental impact along the
25 years of expected lifecycle of the water well.

(a) scenario 1

(b) scenario 2

(c) scenario 3

(d) scenario 4

Figure 20: Model graphs of the four scenarios from openLCA software
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Table 13: Environmental impact LCA Final Results - midpoint
ReCiPE MidPoint
indicator
Metal depletion
(R)

Unit

SC1
[per m3]

SC2
[per m3]

SC3
[per m3]

SC4
[per m3]

kg Fe eq

3.08E-03

2.78E-03

5.88E-03

2.56E-02

Freshwater
9.29E-04 8.39E-04 2.14E-03 9.55E-03
ecotoxicity (E)
kg 1,4-DB eq
Freshwater
8.26E-06 7.46E-06 1.76E-05 6.25E-05
eutrophication (E)
kg P eq
Marine ecotoxicity
9.02E-04 8.14E-04 2.01E-03 8.51E-03
(E)
kg 1,4-DB eq
Climate Change
3.50E-01 3.16E-01 2.90E-02 4.47E-01
(E/H)
kg CO2 eq
Terrestrial
3.46E-05 3.12E-05 4.14E-05 1.47E-05
ecotoxicity(E)
kg 1,4-DB eq
Urban land
6.22E-04 5.62E-04 1.12E-02 1.77E-03
occupation (E)
m2*a
Natural land
1.03E-04 9.29E-05 4.97E-06 1.48E-04
transformation (E)
m2
Water depletion
9.96E-02 8.99E-02 3.90E-01 5.60E-01
(E/H)
m3
Fossil depletion
1.21E-01 1.10E-01 7.56E-03 1.44E-01
(R)
kg oil eq
Human toxicity
3.01E-02 2.72E-02 2.67E-02 9.29E-02
(H)
kg 1,4-DB eq
Ozone depletion
4.65E-08 4.20E-08 4.48E-09 7.15E-08
(H)
kg CFC-11 eq
Photochemical
oxidant formation
1.13E-03 1.02E-03 1.09E-04 6.89E-03
(E/H)
kg NMVOC
Terrestrial
2.08E-03 1.88E-03 1.55E-04 4.42E-03
acidification (E)
kg SO2 eq
Ionising radiation
1.55E-02 1.40E-02 2.41E-03 2.79E-02
(H)
kg U235 eq
Marine
5.85E-05 5.28E-05 1.03E-05 2.64E-04
eutrophication (E)
kg N eq
Agricultural land
7.40E-04 6.68E-04 1.58E-03 3.10E-03
occupation (E)
m2*a
Particulate matter
5.81E-04 5.25E-04 8.41E-05 2.44E-03
formation (H)
kg PM10 eq
Results in green show the scenario with lower environmental impact. Notation of
(E), (H) and (R) refer to the endpoint damage categories of ecosystem quality, human
health and resource use, respectively.
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Endpoint damage results are shown in Table 14 below, resource use
indicators scored way higher points than human health and ecosystem quality. Stress
on resources can be mitigated nearly 12 times in the Sc3 solar option versus. Sc2 the
nearest which has the nearest impact. While Sc2 had less impacts versus Sc3 for the
ecosystem quality and human health by 81% and 2.6% respectively.
Table 14: Environmental impact LCA Final Results - endpoint
Endpoint damage
indicators
resources - total
ecosystem quality - total
human health - total

SC1
SC2
SC3
SC4
2.91E+05 2.91E+05 2.38E+04 4.02E+05
0.01526
0.01525
0.02762
0.06119
5.2028
5.19691
5.05792 19.49957

4.3.1 Scenario 1 and 2
Overall, Sc2 with the PM motor coupled to the same pump showed almost
10% of advantage for all the midpoint indicators as shown in

Table 13 comparing to the IM motors. This is due to the less energy
consumption in the use phase of the entire life-cycle due to the motor higher
efficiency, manufacturing and end of life impacts are negligible and too small to
draw any different conclusion than the mentioned here with the advantage of PM
motors versus IM technologies. Out of the 18 midpoint indicators, 8 were the lowest
in the option 1B with PM motor case with a noticeable impact on ecosystem quality
damage point, indicators were - Figure 21
-

Metal Depletion

-

Freshwater Ecotoxicity
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-

Freshwater Eutrophication

-

Marine Ecotoxicity

-

Terrestrial Ecotoxicity

-

Urban Land Occupation

-

Water Depletion

-

Agriculture Land Occupation
Endpoint analysis showed similarity between SC1 and SC2 in term of

damage to resources availability, ecosystem quality and human health, there was a
minor advantage for SC2 compared to SC1. Nevertheless, these differences are too
small of less than 1%. However, SC1 showed the least damage to the ecosystem

Sc 1

Sc 2

Sc 3

Sc 4

Figure 21: Results of mid-point indicators (ReCiPe 2016)

Particulate matter…

Agricultural land…

Marine eutrophication

Ionising radiation

Terrestrial acidification

Photochemical…

Ozone depletion

Human toxicity

Fossil depletion

Water depletion

Natural land…

Urban land occupation

Terrestrial ecotoxicity

Climate Change

Marine ecotoxicity

Freshwater ecotoxicity

Metal depletion

6.00E-01
5.00E-01
4.00E-01
3.00E-01
2.00E-01
1.00E-01
0.00E+00

Freshwater…

quality versus other scenarios.
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4.3.2 Scenario 3
Solar option SC3 resulted an advantage in 10 mid-point indicators with the
least impacts according to the ReCiPe midpoint categories as details in the areas of:
-

Climate Change

-

Natural Land Transformation

-

Fossil Depletion

-

Human Toxicity

-

Ozone Depletion

-

Photochemical Oxidant Formation

-

Terrestrial Acidification

-

Ionising Radiation

-

Marine Eutrophication

-

Particulate Matter Formation

The main observation is the least impact on human health and resources
indicators compared to the other scenarios. This is also seen in the endpoint areas of
protection with least score of the latter areas. In the endpoint results showed that the
gap between SC2 and SC3 in the areas of ecosystem damage was less by 45% for the
favor of SC2.
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4.3.3 Scenario 4
Midpoint results showed that the diesel option seems to be the option with the
highest environmental impact with the highest overall scores except for terrestrial
ecotoxicity and land occupation. The endpoint results confirm similar results with the
highest score on its impact on damage on human health, resources, and ecosystem
quality.
4.3.4 Summary
Scenarios 2 and 3 with PMM technology and solar energy, respectively, have
the lowest environmental impacts according to the ReCiPe midpoint (Figure 21) as
well as endpoint indictors shown. Use phase has the highest impact, and the main
indictors for all the scenarios explaining most of the impact are climate change,
water depletion, fossil depletion and human toxicity. Endpoint results (Table 14)
revealed that the solar pump option is the best overall option with least damage
points from the environmental aspects.
PMM motor has a mitigated impact on mainly what concerns metal depletion,
water resources and land use. Energy production through PV technology require
larger amounts of metal for the panels structure, land use due to space required in the
open-ground application, and water resources required for manufacturing and use
phases when compared to the PMM technology throughout its entire lifecycle.
On the other hand, PV technology in pumping activity shows a good
advantage with the least impact on climate change and other impacts including
human toxicity and fossil depletion due to its least energy required during use phase.
All other scenarios are fossil fuel based in which the use phase has the most
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contribution of impacts in the motor-pump lifecycle as anticipated in the earlier
chapters. Figure 22 shows the relative results for the different scenarios for the
endpoint categories.

SC1
SC2
SC3
SC4

Figure 22: Relative LCIA results for endpoint categories. Sc1 in blue lines is
invisible in the graph and its overlapping with Sc2. The larger the area the higher the
impact.

4.4 Societal Assessment
During the period of the study, discussion took place with several personnel
at different positions as well as literature within the relevant studies to seek the
societal impact of the earlier discussed alternatives and if it has any impact.
Concerned people were asked on their societal impacts associated with the different
alternatives such as, you able to work with new technologies in ground water
pumping such as PM motors or solar powered motors? What are the concerns in
introducing those technologies from societal aspects? How can they benefit
personnel in this field? Do you see any impact from the residents living around those
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wells? What opportunities it can offer for the workforce and communities and their
development.
Further to the consultation of the stakeholder, 4 criteria were considered for
the societal assessment on ranking basis out of 4, where 4 is the highest impact.
Losing jobs, training and education opportunities, job’s education level and citizen’s
participation as explained below.
Losing jobs criteria: Scenarios with more advanced technology and automation lead
to losing more jobs.
Solar energy leads to less dependency on manpower and threatening some of
the conventional jobs, therefore it has the highest score of 4, followed by ASM
motors which uses stable technology that has been in use for many years, this leads
to minimum human dependency which can affect the decision makers when it comes
to hiring workers. PM motor is considered as a new technology; therefore, it requires
more jobs to meet new possible challenges in this technology, score of 2 is assigned
to this scenario. Finally maintaining diesel generators scored 1, it requires more jobs
to secure its operation and maintenance requirements.
Training/education opportunities criteria: The newer and advanced technology
creates opportunities for training to meet the growing more advanced demand to
deal with the emerging requirements.
Conventional ASM technology is widely used since decades in GW pumping
and creates the least amount of training due to the availability of qualified staff with
score of 4, similarly diesel option with score of 3, except that its more complex and
require involvement of more expertise. The newer PM technology will require
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relatively more training to understand the motor and resulting electronics parts of the
system with score of 2. While solar energy will create more training opportunities
has score of 1.
Job’s education level: Some of the newly introduced alternatives require higher
qualification to fill the new jobs and less dependency on lesser qualified staff.
Solar technology is relatively new to the are and require higher qualification
to serve in this field, therefore it has the highest impact on the less qualified
workforce with a score of 4, followed by PMM technology scored 3 as it requires
more skilled personnel specially in the fields of electronics and process control. ASM
is well understood and still can offer jobs at different qualification levels with score
of 2, and finally diesel option has the least impact on this criteria with a score of 1
due to its advantage versus the ASM with more diversified jobs in different fields as
power supply is on site too.
Citizen participation: Citizens have very low involvement in the GW pumping,
however there is sort of involvement depending on the alternative.
Scenario 1 is the most common and represent the majority of the installed
equipment, its seen to have the least citizens participation with score of 4 as no
changes are expected, similarly scenario 2 scored 3 due to its minor change of the
equipment and the expected participation is expected to be not more than informing
the citizens of the new technology. Scenario 4 was given score of 2 due to its better
citizens participation due to the complexity of equipment and their possible
engagement in equipment maintenance, while the highest impact with score of 4 was
assigned solar scenario. This option is expected to be seen by the citizen, informing,
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understanding, setting up an example for a source of energy that is seen to be an
important contributor of the energy source in the near future. Table 15 summarizes
the scores of the societal assessment
Table 15: Scores of societal assessment criteria
Criteria

Sc1

Sc2

Sc3

Sc4

Losing jobs

3

2

4

1

Training/education
opportunities

4

2

1

3

Job’s education level

2

3

4

1

Citizen participation

4

3

1

2
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Chapter 5: Conclusion
Emerging energy efficient technologies are considered heavier in term of
initial investment than conventional equipment. GCC states are traditionally
characterized by high subsidies on energy and low-cost tariffs, with an absence of
minimum efficiency requirements, and fears of lack of competent manpower in the
fields of the new technologies. Such as permanent magnet motors and solar energy,
such technologies were not yet experienced in the GCC market nor known to most of
the end-users. This study examined the economic, environmental, and societal
impacts of different alternatives of groundwater pumping technologies seeking the
best practices of most sustainable options.
The weights of each factor were discussed with the stakeholders, and it was
estimated that 65% of the important was given to the financial aspect, 25% for the
environment and 10% for the social aspects in the decision-making for the selection
process, according to an averaged values taken form stakeholders in the government
and private sectors. Table 16 shows the results of the study, the correspondent
normalized values and the weighted normalized values.
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Table 16: Relative sustainability index
Weights

Obtained Results

Sc1

Sc2

Sc3

Sc4

Economic

0.0719

0.1023

0.2521

0.1603

Environmental

6.7070

6.0603

4.8894

16.513

Social

3.25

2.5

2.5

1.75

Normalized Values

Sc1

Sc2

Sc3

Sc4

0.2852

0.4057

1

0.6358

0.4061

0.3670

0.2960

1

1

0.7692

0.7692

0.5384

Sum of weighted normalized values

0.3869

0.4324

0.8009

0.7171

Relative Sustainability Index

52%

46%

0%

10%

65%

25%

10%

According to the given weights, relative sustainability index shows that the
ASM option seen to be the most sustainable alternative with 52%, followed by 46%
for the PMM alternative, 10% for diesel option and finally the least was for the solar
alternative.
The study revealed that solar pumps are the most sustainable solution
followed by the permanent magnet motors, while conventional ASM technology is
moderately situated between the four alternatives which is nowadays the typically the
“business as usual scenario”, and diesel option was the least sustainable option.
The above discussed results are the findings according to the latest available
information on equipment cost and tariffs. Note that the solar panels prices have
dropped significantly over the last 2 decades and the declination in prices is still
expected to continue. With heavy weighing for the financial aspects, the solar option
appeared to be the highest in terms of GW extraction cost. Furthermore, societal
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result also does not favor the solar option. It was seen that this alternative was the
last in sustainability ranking according to the model of this study.
PM motors are relatively new in the GW pumping field and their prices
remain relatively high however seen the second best option in the economic
assessment. Environmental modelling resulted less environmental impact than the
conventional ASM technology and diesel options due to the lower energy
consumption. However, from the broader sustainability standpoint it was the secondbest option.
The lowest LCOE of the ASM option with the high appreciation and the
moderately situated rank in environmental assessment of the ASM alternative seems
to be the main driver of the latter option being the most sustainable option.
Diesel generator option was the highest with adverse environmental impact
versus other options, beside diesel cost brought it to be the third option in economic
assessment. However, adding to the current diesel cost, the gradual removal of
subsidies in the region. Finally, CapEx, OpEx, and cost of diesel powered pump is
relatively high for the latter option.
5.1 Research Implications
This multi-criteria analysis is based on the latest information on prices,
tariffs, and environmental life cycle inventories. Some of the alternatives in this
study are relatively new in which their associated cost may change over the coming
years, as well as tariffs reform in the GCC is ongoing and change on energy tariffs
may have an impact on the current findings. This model can adopt any current
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changes to the importance given to the pillars of sustainability, or any future change
in terms of cost or extracted water volumes.
Currently it is understood that the economic factor is the dominating, and the
results of the study was based on this given fact. However, different valuation of the
sustainability factors may change over time. Table 17 shows the sensitivity analysis
of different way of prioritizing the factors. The second run with 65% was given
randomly to the environmental factor, 25% for cost and 10% remain the same for
social aspects. With having better weights to environment, its seen that PMM
technology is the best option. The best option remains the same with PMM being the
best option in the 3rd run of 65% to social aspects 25% for environment and 10% for
the cost factor.
Table 17: Sensitivity Analysis of the sustainability index
% distribution
(eco/env/soc)

Dominating Factor

Sc1

Sc2

Sc3

Sc4

65/25/10

Economic

52%

46%

0%

10%

25/65/10

Environmental

50%

52%

40%

0%

10/25/65

Social

0%

19%

14%

15%

1st

2nd

3rd

4th

Legend
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5.2 Research Outcome/Recommendations
Economic factor is the dominating one for in the decisions making process in
the field of ground water extraction. There is also noticeable valuation of the
environmental aspects and acceptance for the environmental impact mitigation
opportunities that goes in line with the governments long term development visions
and the UN’s sustainable development goals. Whereas social matters are not highly
valued due to the low unemployment rates, privatization of water production, foreign
manpower and existing local plans for training in several fields. The mentioned
factors do not carry a lot of fears of the societal matters resulting from selection of
different groundwater pumping alternatives.
With the weighed importance given to the economic, environmental and
societal factors, the results found in this research encourage the wider evaluation of
PM motors and solar driven pumps, below are main set of suggestions for a way
forward according to the findings of this study:
-

Depending on the end-user areas of interest to protect, ASM followed by PM
motors are seen to be the most sustainable alternatives in GW pumping.

-

Once priorities are well decided, utilizing this model shall support the
decisions of selecting the tradeoffs for the sake of the alternative with the
least impact versus the higher impact once.

-

There are high expectations of savings of the renewable energy and energy
equipment in its broader areas of applications, however, the sustainable
decision of selecting alternatives requires multi-criteria analysis for the best
results.

87
5.3 Future Work
-

Evaluating the sustainability via broader study with larger sample size from
different regions

-

Importance of the field data logging is essential key to support any wider
study in this field.

-

Agriculture has the highest contribution of GW abstraction, it worth including
this sector to future studies.
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Appendices
Appendix A: Life cycle assessment
Electricity mix in the GCC is considered as 55% from oil and 45% from natural gas according to (IEA, 2020). Therefore, to produce
1kWh with the mentioned sources, there are 3 different power plants contributing with the 100% of the electricity mix, combined cycle natural
gas plant, conventional power plant powered by natural gas and power plant powered by oil. Tables from A-1 to A5 are the life cycle inventories
to produce 1kWh of electricity with the given mix, and heat and power cogeneration associated with the electricity production. Note that the life
cycle inventories tables are disaggregated and represents the production of 1kWh and not the proportion mentioned in the text in Table 7.
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Table A- 1: Lifecycle inventory of combined cycle gas turbine powered with natural gas with specific considerations for the Gulf Region
Flow
gas power plant, combined
cycle, 400MW electrical

Category
Construction of utility
projects for electricity
production, except for liquid
fuels

Amount
1.5E-11

Unit
Item(
s)

Description
Literature value/calculated value. Amount of power plant needed for producing 1kWh of electricity,
based on the burning of 1MJ of natural gas. Tab. 11.25, p. 143, Ecoinvent 3.

0.1748252

m3

Calculated value, Ecoinvent, 3.

gas power plant, combined
cycle, 400MW electrical

Manufacture of gas;
distribution of gaseous fuels
through mains

natural gas, high pressure

Treatment and disposal of
non-hazardous waste

-6.82E-06

kg

residue from cooling tower

Water collection, treatment,
and supply

0.0409091

kg

water, completely softened,
from decarbonized water, at
user

Elementary flows/Resource
in water

0.0402841

m3

Calculated based on literature data, Ecoinvent, 3.

kg

Literature/calculated values. Cooling water, decarbonized, for the cooling water circuit lost and NOx
reduction when producing 1kWh of electricity, based on the value for burning 1MJ of natural gas.
Tab. 11.25, p. 143. For natural gas burned in a combined cycle plant (Tab. 11.25), an amount of 0.5
kg water per MJ burned was taken into account in (Dones et al., 2007). As the reasons for this are not
documented any more, the cooling water use has been taken over to the combined cycle plant dataset
for consistency reasons. (Dones et al., 2007) state that CC plants have a lower cooling water need
than conventional plants. However, as written above, water use for NOx reduction is also considered.

Water, cooling, unspecified
natural origin

Water collection, treatment,
and supply

1.3636364

Literature value/calculated value. Value taken over from the dataset of natural gas burnt in a normal
power plant (Enerdata, 2020). Mass share of cooling tower needed for producing 1kWh of
electricity, based on the value for burning 1MJ of natural gas. Weighted average with electricity
production data (Itten et al., 2012)
Literature/calculated values. Feed water for the steam circuit lost when producing 1kWh of
electricity, based on the value for burning 1MJ of natural gas. (Dones et al., 2007), Tab. 9.65 and
Tab. 9.66, p. 160. For natural gas burned in a combined cycle plant (Tab. 11.25), the feed water was
considered in (Dones et al., 2007) by modelling it with decarbonized water being treated with sodium
hydroxide and hydrochloric acid directly in the dataset. For consistency reasons, completely softened
water is considered.
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Table A-2: Lifecycle inventory for a conventional power plant of cogeneration powered with natural gas in the GCC
Flow

natural gas, high
pressure

Category
Construction of utility projects
for electricity production,
except for liquid fuels
Manufacture of gas; distribution
of gaseous fuels through mains

residue from cooling
tower

Treatment and disposal of nonhazardous waste

-1.10E-05

kg

Literature value/calculated value. Mass share of cooling tower needed for producing
1kWh of electricity from natural gas, based on the value for burning 1MJ of natural gas.
Weighted average with electricity production data (Itten et al., 2012).

Water collection, treatment, and
supply

0.0658434

kg

Literature value/calculated value. Feed water for the steam circuit lost when producing
1kWh of electricity from natural gas, based on the value for burning 1MJ of natural gas
(Dones et al., 2007).

Elementary flows/Resource/in
water

0.0648374

m3

Calculated based on literature data, Ecoinvent 3.

Water collection, treatment, and
supply

2.1947794

kg

Literature value/calculated value. Cooling water, decarbonized, for the cooling water
circuit lost when producing 1kWh of electricity from natural gas, based on the value for
burning 1MJ of natural gas (Dones et al., 2007).

gas power plant,
100MW electrical

water, completely
softened, from
decarbonized water,
at user
Water, cooling,
unspecified natural
origin
water, decarbonized,
at user

Amount

Unit

Description
Literature value/calculated value. Amount of power plant needed for producing 1kWh of
electricity from natural gas, based on the value for burning 1MJ of natural gas. Tab.
11.25, p. 143

6.10E-10

Item(s)

0.281382

m3

Calculated value, Ecoinvent 3.
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Table A-3: Lifecycle inventory of a cogeneration combined cycle gas turbine powered with natural gas in GCC
Flow
gas power
plant,
combined
cycle, 400MW
electrical

Category

Amount

Unit

Description

Construction of utility
projects for electricity
production, except for
liquid fuels

1.77E-11

Item(s)

Literature value/calculated value. Amount of power plant needed for production of 1kWh of
electricity, based on the value for burning of 1MJ of natural gas. Ecoinvent 3, Tab. 11.25, p.
143.

natural gas,
high pressure

Manufacture of gas;
distribution of gaseous
fuels through mains

0.2068081

m3

Calculated value, ecoinvent 3.

residue from
cooling tower

Treatment and
disposal of nonhazardous waste

-8.07E-06

kg

water,
completely
softened, from
decarbonized
water, at user

Water collection,
treatment and supply

0.0483931

kg

Water,
cooling,
unspecified
natural origin

Elementary
flows/Resource/in
water

0.0514265

m3

Literature value/calculated value. Value taken over from the dataset of natural gas burned in a
normal power plant: electricity production, natural gas, (Enerdata, 2020). Mass share of
cooling tower needed for production of 1kWh of electricity, based on the value for burning of
1MJ of natural gas. Weighted average with electricity production data (Itten et al., 2012)
Literature value/calculated value. Feed water for the steam circuit lost when production of
1kWh of electricity, based on the value for burning of 1MJ of natural gas (Dones et al., 2007),
Tab. 9.65 and Tab. 9.66, p. 160f. For natural gas burned in a combined cycle plant (Tab.
11.25), the feed water was taken into account in (Dones et al., 2007) by modelling it with
decarbonized water being treated with sodium hydroxide and hydrochloric acid directly in the
dataset. For consistency reasons, now also the completely softened water is taken into account.
Calculated value, ecoinvent 3.
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Table A-3: Lifecycle inventory of a cogeneration combined cycle gas turbine powered with natural gas in GCC (continued)
Flow

Category

Amount

Unit

water,
decarbonized,
at user

Water collection,
treatment and supply

1.6131029

kg

Description
Literature value/calculated value. Cooling water, decarbonized, for the cooling water circuit
lost and NOx reduction when production of 1kWh of electricity, based on the value for
burning of 1MJ of natural gas. Tab. 11.25, p. 143. For natural gas burned in a combined cycle
plant (Tab. 11.25), an amount of 0.5 kg water per MJ burned was taken into account in (Dones
et al., 2007). As the reasons for this are not documented any more, the cooling water use has
been taken over to the combined cycle plant dataset for consistency reasons. (Dones et al.,
2007) stated that CC plants have a lower cooling water need than conventional plants.
However, as written above, water use for NOx reduction is also taken into account.

Table A-4: Lifecycle inventory of a conventional power plant powered with natural gas in the Gulf region
Flow
gas power plant,
100MW electrical
natural gas, high
pressure
residue from cooling
tower

Category
Construction of utility
projects for electricity
production, except liquid
fuels
Manufacture of gas;
distribution of gaseous fuels
through mains
Treatment and disposal of
non-hazardous waste

Amount

Unit

Description

7.07E-10

Item(s)

Literature value/calculated value. Amount of power plant needed for producing 1kWh of
electricity, based on the burning of 1MJ of natural gas. Tab. 11.25, p. 143, Ecoinvent 3.

0.3261756

m3

Calculated value, Ecoinvent 3.

-1.27E-05

kg

Literature value/calculated value. Mass share of cooling tower needed for producing
1kWh of electricity, based on the burning of 1MJ of natural gas. Weighted average with
electricity production data (Itten et al., 2012)
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Table A-4: Lifecycle inventory of a conventional power plant powered with natural gas in the Gulf region (continued)
Flow
water, completely
softened, from
decarbonized water
Water, cooling,
unspecified natural
origin
water, decarbonized,
at user

Category

Amount

Unit

Description

Water collection, treatment
and supply

0.0763251

kg

Literature value/calculated value. Feed water for the steam circuit lost when producing
1kWh of electricity, based on the burning of 1MJ of natural gas (Dones et al., 2007).

Elementary
flows/Resource/in water

0.075159

m3

Calculated based on literature data.

Water collection, treatment
and supply

2.5441696

kg

Literature value/calculated value. Cooling water, decarbonized, for the cooling water
circuit lost when producing 1kWh of electricity, based on the burning of 1MJ of natural
gas (Dones et al., 2007).

Table A-5: Lifecycle inventory of a conventional power plant powered with oil in the Gulf Region
Flow
ammonia, liquid
bilge oil
fly ash and scrubber sludge
heavy fuel oil
lignite ash
limestone, crushed, washed
municipal solid waste

Category
Manufacture of fertilizers and nitrogen
compounds
Treatment and disposal of hazardous waste
Treatment and disposal of hazardous waste
Manufacture of refined petroleum products
Treatment and disposal of hazardous waste
Quarrying of stone, sand, and clay
Treatment and disposal of non-hazardous
waste

Amount
8.10E-04

Unit
kg

Description
Retrieved from (Lecomte et al., 2017)

-2.74E-05
-3.39E-05
0.3125233

kg
kg
kg

-7.28E-04
0.017634
-1.93E-04

kg
kg
kg

Average of literature data, Ecoinvent, 3.
Average of literature data, Ecoinvent, 3.
Literature data for heating value, Ecoinvent,
3.
Average of literature data, Ecoinvent, 3.
Retrieved from (Lecomte et al., 2017)
Average of literature data, Ecoinvent, 3.
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Table A-5: Lifecycle inventory of a conventional power plant powered with oil in the Gulf Region (continued)
Flow
oil power plant, 500MW
residue from cooling tower
waste mineral oil
water, completely softened,
from decarbonized water, at
user
Water, cooling, unspecified
natural origin
water, decarbonized, at user

Category
Construction of utility projects for
electricity production, for liquid fuels
Treatment and disposal of non-hazardous
waste
Treatment and disposal of hazardous waste
Water collection, treatment and supply

Amount
1.58E-11

Unit
Item(s)

Description
Estimation based on case study, Ecoinvent,
3.
Average of literature data, Ecoinvent, 3.

-1.74E-04

kg

-7.02E-04
0.1301103

kg
kg

Average of literature data, Ecoinvent, 3.
Literature value and estimation from
guidelines by (Lecomte et al., 2017)

Elementary flows/Resource/in water

0.0767115

m3

Literature value and estimation from
guidelines by (Lecomte et al., 2017)

Water collection, treatment and supply

0.6481055

kg

Literature value and estimation from
guidelines by (Lecomte et al., 2017)
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Table A-6 depicts the life cycle inventory for producing 22 kW pump and motor according to the ecoinvent database. Note that the production of
motor and pump in this case doesn’t represent exclusively a borehole equipment but a very generic life cycle inventory and specific equipment
inventory is neither available nor can create any difference to the results due to minor difference. This is applicable for all the scenarios.
Table A-6: Lifecycle inventory for manufacturing a water pump with motor of 22 kW
Flow
aluminum wrought alloy
cast iron
Copper
hot water tank factory
polyvinylchloride, emulsion
polymerized
polyvinylchloride, suspension
polymerized
steel, chromium steel 18/8, hot rolled
synthetic rubber
waste plastic, mixture
waste plastic, mixture
waste polyvinylchloride product
waste polyvinylchloride product

Category
Manufacture of basic precious and other non-ferrous metals
Manufacture of basic iron and steel
Manufacture of basic precious and other non-ferrous metals
Construction of buildings
Manufacture of plastics and synthetic rubber in primary forms

Amount
8.34E-01
5.01E+01
1.04E+01
8.34E-06
1.60E-01

Unit
kg
kg
kg
Item(s)
kg

Description
Ecoinvent, 3 database
Ecoinvent, 3 database
Ecoinvent, 3 database
Ecoinvent, 3 database
Ecoinvent, 3 database

Manufacture of plastics and synthetic rubber in primary forms

1.09E+00

kg

Ecoinvent, 3 database

Manufacture of basic iron and steel
Manufacture of plastics and synthetic rubber in primary forms
Treatment and disposal of non-hazardous waste
Treatment and disposal of non-hazardous waste
Treatment and disposal of non-hazardous waste
Treatment and disposal of non-hazardous waste

3.84E+01
2.92E-01
-2.42E-02
-2.68E-01
-0.35022
-0.9012352

kg
kg
kg
kg
kg
kg

Ecoinvent, 3 database
Ecoinvent, 3 database
Ecoinvent, 3 database
Ecoinvent, 3 database
Ecoinvent, 3 database
Ecoinvent, 3 database
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Table A-7 shows the life cycle inventory to produce 1kWh from solar power plant based on 2400kWh/m2/year for the gulf region as per the
literature while Table A8 has the life cycle inventory of and construction of PV power plant.

Table A-7: Elementary flows in ecoinvent to achieve 1 kWh with photovoltaic energy in the Gulf region
Flow
Energy, solar, converted

Category
Elementary flows/Resource/in air

Amount
3.85E+00

Unit
MJ

Photovoltaic plant, multi-Si, on
open ground
Tap water

Construction of utility projects for electricity
production, except for liquid fuels
Water collection, treatment and supply

5.32E-08

Item(s)

2.35E-05

kg

Wastewater, from residence

Sewerage

-2.35E-08

m3

Description
Energy loss in the system is included,
Ecoinvent, 3.
Calculated value, Ecoinvent, 3.
Calculated value. Amount of water for
water cleaning. Ecoinvent, 3.
Calculated value, Ecoinvent, 3.
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Table A-8: Lifecycle inventory of the construction of PV power plant
Flow
diesel, burned in building
machine

Category
Site preparation

Amount
7.67E+03

Unit
MJ

Electricity, low voltage
Inverter, 500kW
Photovoltaic mounting system,
for 570kWp open ground module
Photovoltaic panel, multi-Si
wafer
Photovoltaic plant, electric
installation for 570kWp open
ground module

Electric power generation, photovoltaic
Manufacture of other electrical equipment
Construction of utility projects for electricity
production, except for liquid fuels
Manufacture of electronic components and boards

3.60E+01
3.13E+00
4.27E+03

kWh
Item(s)
m2

Description
Literature value/extrapolation. Energy use for
foundation piling and wheel loader. Data based on
data for a 3.5 MW power plant, reported by
(Mason et al., 2006).
Ecoinvent, 3.
Ecoinvent, 3.
Ecoinvent, 3.

4.40E+03

m2

Ecoinvent, 3.

Construction of utility projects for electricity
production, except for liquid fuels

1.00E+00

Item(s)

Ecoinvent, 3.
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Life cycle inventory of the power equivalent to 1kWh produced by a diesel generator is shown in Table A-9 below.
Table A-9: Diesel, burned in diesel-electric generating set, cut-off
Flow
diesel

Category
Manufacture of refined petroleum products

Amount
6.67E-02

Unit
kg

diesel-electric
generating set 60kVA
lubricating oil

Manufacture of electric motors, generators, for
liquid fuels
Manufacture of refined petroleum products

5.28E-06

Item(s)

1.91E-04

kg

waste mineral oil
waste mineral oil
waste mineral oil

Treatment and disposal of hazardous waste
Treatment and disposal of hazardous waste
Treatment and disposal of hazardous waste

-8.06E-07
-3.48E-05
-1.55E-04

kg
kg
kg

Description
Industry data. The diesel consumption of the diesel-electric
generating set is usually reported in g/kWh. 240g/kWh is the diesel
consumption used in this dataset based on literature, Ecoinvent, 3.
1.1744 e-6 for 60kW and 5.2849e-6 for 50kW.
Estimated. Calculated from the diesel, burned in diesel-electric
generating set, GLO dataset. In this dataset the amount of diesel
needed is 0.0234kg in to produce 1MJ. In this datasets the amount of
diesel needed is 0.0667kg. All the emissions are scaled accordingly,
Ecoinvent, 3.
Ecoinvent, 3.
Ecoinvent, 3.
Ecoinvent, 3.
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Producing electricity from oil or gas plants require adding also the high voltage distance through the high-tension line and transformation from
high to low voltage transportation. Maintenance, technician transportation to and from the wells, freight by sea and land to import the equipment.
Life cycle indicators of all the scenarios including the named additional consideration and is provided in the below Table A-10

Table A-10: openLCA ReCiPe LCA indicators using lifecycle inventories
Name

Unit

Metal depletion

kg Fe eq

Freshwater ecotoxicity

kg 1,4-DB eq

Freshwater eutrophication

kg P eq

Marine ecotoxicity

kg 1,4-DB eq

Climate Change

kg CO2 eq

Terrestrial ecotoxicity

kg 1,4-DB eq

Urban land occupation

m2*a

Natural land transformation

m2

Scenario 1&2 HV
(incl. transmission)
[1 kWh]

Transform from
High-Medium V
[1 kWh]

Pump plus motor
manufacturing
(1 item)

Scenario 3.
PV generation
[kWh]

Maintenance
[km]

Ship
Transport
[Ton-km]

Truck
transport
[Ton-km]

5.28E-03

5.40E-05

6.69E+02

1.85E-03

2.70E-05

1.74E-05

Scenario 4
Diesel generator
[1 kWh]

1.27E-02

4.29E-02

1.80E-04

5.68E-03

5.44E-02

4.08E+01

5.08E-03

1.87E-02

2.47E-05

6.50E-04

2.07E-02

1.58E-07

8.80E-01

4.22E-05

8.38E-05

8.78E-07

1.32E-05

1.35E-04

1.84E-03

2.70E-05

4.31E+01

4.79E-03

1.63E-02

4.68E-05

1.06E-03

1.84E-02

9.12E-01

7.17E-03

3.12E+02

6.59E-02

3.78E-01

6.03E-03

1.64E-01

9.79E-01

9.00E-05

0.00E+00

1.31E-01

1.08E-04

5.93E-05

2.41E-07

7.90E-05

2.96E-05

1.33E-03

9.00E-06

9.19E+00

2.95E-02

1.10E-02

3.49E-05

8.96E-03

3.50E-03

2.70E-04

0.00E+00

5.86E-02

9.47E-06

1.30E-04

2.15E-06

6.44E-05

3.24E-04
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Table A-10: openLCA ReCiPe LCA indicators using lifecycle inventories (continued)

Name

Unit

Water depletion

m3

Fossil depletion

kg oil eq

Human toxicity

kg 1,4-DB eq

Ozone depletion
Photochemical oxidant
formation

kg CFC-11 eq

Terrestrial acidification

kg SO2 eq

Ionising radiation

kg U235 eq

Marine eutrophication
Agricultural land
occupation

kg N eq

Particulate matter formation

kg PM10 eq

Scenario 1&2 HV
(incl. transmission)
[1 kWh]

Transform from
High-Medium V
[1 kWh]

Pump plus motor
manufacturing
(1 item)

Scenario 3.
PV generation
[kWh]

Maintenance
[km]

Ship
Transport
[Ton-km]

Truck
transport
[Ton-km]

2.35E-01

1.86E-03

4.99E+03

3.17E-01

2.47E-03

7.08E-02

Scenario 4
Diesel generator
[1 kWh]

1.01E+00

5.78E-01

9.79E-03

1.18E-01

1.22E+00

7.63E+01

1.64E-02

1.27E-01

1.98E-03

5.90E-02

3.16E-01

5.94E-04

1.91E+03

6.19E-02

1.45E-01

7.70E-04

4.44E-02

1.98E-01

1.21E-07

9.45E-10

1.68E-05

1.02E-08

5.99E-08

9.58E-10

3.01E-08

1.57E-07

2.95E-03

1.80E-05

1.80E+00

2.43E-04

1.54E-03

5.03E-05

3.90E-04

1.52E-02

5.43E-03

4.50E-05

4.39E+00

3.60E-04

1.39E-03

1.20E-04

3.80E-04

9.76E-03

4.02E-02

3.15E-04

1.72E+01

5.60E-03

2.75E-02

5.40E-04

1.25E-02

6.10E-02

1.44E-04

9.00E-06

2.40E-01

2.49E-05

6.94E-05

1.75E-06

1.33E-05

5.83E-04

1.72E-03

1.80E-05

2.17E+01

3.97E-03

6.66E-03

8.46E-05

2.00E-03

6.64E-03

1.51E-03

9.00E-06

2.26E+00

1.98E-04

6.90E-04

3.57E-05

2.30E-04

5.38E-03

kg NMVOC

m2*a
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Table A-11: Contribution trees of electricity production for scenario 1 and 2

WD

0.00169

PMF

Amount
0.00322
0.00209
0.0013
0.00046
0.22776
0.09363
0.02223
0.00575
0.00277
0.00242
0.00016
3.30E-05
0.00513
0.00068
0.00016
4.00E-05
4.75E-05
1.68E-05
4.08E-06
7.30E-07
0.00145
0.00017
4.06E-05
1.32E-05

0.00608 SO2 eq

TA Contribution

Process
heat and power co-generation, natural gas, combined cycle power plant, 400MW electrical | electricity, high voltage | cut-off, U
transform from high to medium voltage
electricity production, natural gas, combined cycle power plant | electricity, high voltage | cut-off, U
market for transmission network, long-distance | transmission network, long-distance | cut-off, U - GLO
electricity production, oil | electricity, high voltage | cut-off, U
electricity production, natural gas, conventional power plant | electricity, high voltage | cut-off, U
heat and power co-generation, natural gas, conventional power plant, 100MW electrical | electricity, high voltage | cut-off, U
heat and power co-generation, natural gas, combined cycle power plant, 400MW electrical | electricity, high voltage | cut-off, U
transform from high to medium voltage
electricity production, natural gas, combined cycle power plant | electricity, high voltage | cut-off, U
market for transmission network, electricity, high voltage | transmission network, electricity, high voltage | cut-off, U - GLO
market for transmission network, long-distance | transmission network, long-distance | cut-off, U - GLO
electricity production, oil | electricity, high voltage | cut-off, U
electricity production, natural gas, conventional power plant | electricity, high voltage | cut-off, U
heat and power co-generation, natural gas, conventional power plant, 100MW electrical | electricity, high voltage | cut-off, U
heat and power co-generation, natural gas, combined cycle power plant, 400MW electrical | electricity, high voltage | cut-off, U
transform from high to medium voltage
electricity production, natural gas, combined cycle power plant | electricity, high voltage | cut-off, U
market for transmission network, electricity, high voltage | transmission network, electricity, high voltage | cut-off, U - GLO
market for transmission network, long-distance | transmission network, long-distance | cut-off, U - GLO
electricity production, oil | electricity, high voltage | cut-off, U
electricity production, natural gas, conventional power plant | electricity, high voltage | cut-off, U
heat and power co-generation, natural gas, conventional power plant, 100MW electrical | electricity, high voltage | cut-off, U
transform from high to medium voltage

0.354753 kg oil eq

FD Contribution

Contr. (%)
1.22
0.79
0.49
0.17
64.20
26.39
6.27
1.62
0.78
0.68
0.05
0.01
84.39
11.19
2.63
0.66
0.78
0.28
0.07
0.01
85.78
10.06
2.40
0.78
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Table A-11: Contribution trees of electricity production for scenario 1 and 2 (continued)
Process
heat and power co-generation, natural gas, combined cycle power plant, 400MW electrical | electricity, high voltage | cut-off, U
electricity production, natural gas, combined cycle power plant | electricity, high voltage | cut-off, U
market for transmission network, electricity, high voltage | transmission network, electricity, high voltage | cut-off, U - GLO
market for transmission network, long-distance | transmission network, long-distance | cut-off, U - GLO

Amount
9.71E-06
4.09E-06
2.21E-06
5.60E-07

kg PM10

Contr. (%)
0.57
0.24
0.13
0.03

Table A-12: Contribution tree for production of pump and motor
Process
market for steel, chromium steel 18/8, hot rolled | steel, chromium steel 18/8, hot rolled | cut-off, U - GLO
market for cast iron | cast iron | cut-off, U - GLO
market for copper | copper | cut-off, U - GLO
market for aluminium, wrought alloy | aluminium, wrought alloy | cut-off, U - GLO
market for hot water tank factory | hot water tank factory | cut-off, U - GLO
market for polyvinylchloride, suspension polymerised | polyvinylchloride, suspension polymerised | cut-off, U - GLO
market for synthetic rubber | synthetic rubber | cut-off, U - GLO
market for polyvinylchloride, emulsion polymerised | polyvinylchloride, emulsion polymerised | cut-off, U – GLO
market for waste polyvinylchloride product | waste polyvinylchloride product | cut-off, U - Europe without Switzerland
market for waste polyvinylchloride product | waste polyvinylchloride product | cut-off, U - RoW
market for waste plastic, mixture | waste plastic, mixture | cut-off, U - RoW
market for waste plastic, mixture | waste plastic, mixture | cut-off, U - Europe without Switzerland

Amount
186.776128
91.9743039
42.6084334
15.5294672
6.1163544
2.16892
0.8809152
0.4137632
0.4112606
0.1868608
0.1046921
0.016684

347.1877835 kg CO2 eq

GHG contribution

Contr. (%)
53.80
26.49
12.27
4.47
1.76
0.62
0.25
0.12
0.12
0.05
0.03
0.00
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Table A-12: Contribution tree for production of pump and motor (continued)
Amount
1908.56284
109.738175
95.5980687
5.6984202
2.4571361
0.262773
0.225234
0.2072987
0.1046921
0.0525546
0.0525546
3.87E-03
4496.609532
742.0943096
183.5068989
101.0128609
17.1624137
2.4008276
0.6448366
0.3028146
0.1205419
0.1197077
0.0075078
8.64E-04

5543.983116 m3

WD Contribution

Process
market for copper | copper | cut-off, U - GLO
market for steel, chromium steel 18/8, hot rolled | steel, chromium steel 18/8, hot rolled | cut-off, U - GLO
market for cast iron | cast iron | cut-off, U - GLO
market for aluminium, wrought alloy | aluminium, wrought alloy | cut-off, U - GLO
market for hot water tank factory | hot water tank factory | cut-off, U - GLO
market for synthetic rubber | synthetic rubber | cut-off, U - GLO
market for waste polyvinylchloride product | waste polyvinylchloride product | cut-off, U - RoW
market for polyvinylchloride, suspension polymerised | polyvinylchloride, suspension polymerised | cut-off, U - GLO
market for waste polyvinylchloride product | waste polyvinylchloride product | cut-off, U - Europe without Switzerland
market for polyvinylchloride, emulsion polymerised | polyvinylchloride, emulsion polymerised | cut-off, U - GLO
market for waste plastic, mixture | waste plastic, mixture | cut-off, U - RoW
market for waste plastic, mixture | waste plastic, mixture | cut-off, U - Europe without Switzerland
market for steel, chromium steel 18/8, hot rolled | steel, chromium steel 18/8, hot rolled | cut-off, U - GLO
market for copper | copper | cut-off, U - GLO
market for cast iron | cast iron | cut-off, U - GLO
market for aluminium, wrought alloy | aluminium, wrought alloy | cut-off, U - GLO
market for hot water tank factory | hot water tank factory | cut-off, U - GLO
market for synthetic rubber | synthetic rubber | cut-off, U - GLO
market for polyvinylchloride, suspension polymerised | polyvinylchloride, suspension polymerised | cut-off, U - GLO
market for waste polyvinylchloride product | waste polyvinylchloride product | cut-off, U - Europe without Switzerland
market for polyvinylchloride, emulsion polymerised | polyvinylchloride, emulsion polymerised | cut-off, U - GLO
market for waste polyvinylchloride product | waste polyvinylchloride product | cut-off, U - RoW
market for waste plastic, mixture | waste plastic, mixture | cut-off, U - RoW
market for waste plastic, mixture | waste plastic, mixture | cut-off, U - Europe without Switzerland

2122.9 kg 1,4-DB eq

HT Contribution

Contr. (%)
89.90
5.17
4.50
0.27
0.12
0.01
0.01
0.01
0.00
0.00
0.00
0.00
81.11
13.39
3.31
1.82
0.31
0.04
0.01
0.01
0.00
0.00
0.00
0.00
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Table A-12: Contribution tree for production of pump and motor (continued)
Amount
44.696436
23.73299
9.864415
3.1361749
1.3626657
1.1570354
0.5593311
0.1981225
0.0158498
0.0108446
1.44E-03
1.26E-04
1.0081307
0.3941595
0.0842542
0.0483836
0.0058394
3.90E-03
1.11E-03
2.60E-04
1.59E-04
3.12E-05
3.70E-06

1.5462313 kg SO2 eq

TA Contribution

Process
market for steel, chromium steel 18/8, hot rolled steel, chromium steel 18/8, hot rolled | cut-off, U - GLO
market for cast iron | cast iron | cut-off, U - GLO
market for copper | copper | cut-off, U - GLO
market for aluminium, wrought alloy | aluminium, wrought alloy | cut-off, U - GLO
market for hot water tank factory | hot water tank factory | cut-off, U - GLO
market for polyvinylchloride, suspension polymerised | polyvinylchloride, suspension polymerised | cut-off, U - GLO
market for synthetic rubber | synthetic rubber | cut-off, U - GLO
market for polyvinylchloride, emulsion polymerised | polyvinylchloride, emulsion polymerised | cut-off, U - GLO
market for waste polyvinylchloride product | waste polyvinylchloride product | cut-off, U - Europe
market for waste polyvinylchloride product | waste polyvinylchloride product | cut-off, U - RoW
market for waste plastic, mixture | waste plastic, mixture | cut-off, U - RoW
market for waste plastic, mixture | waste plastic, mixture | cut-off, U - Europe without Switzerland
market for steel, chromium steel 18/8, hot rolled | steel, chromium steel 18/8, hot rolled | cut-off, U - GLO
market for cast iron | cast iron | cut-off, U - GLO
market for aluminium, wrought alloy | aluminium, wrought alloy | cut-off, U - GLO
market for hot water tank factory | hot water tank factory | cut-off, U - GLO
market for polyvinylchloride, suspension polymerised | polyvinylchloride, suspension polymerised | cut-off, U - GLO
market for synthetic rubber | synthetic rubber | cut-off, U - GLO
market for polyvinylchloride, emulsion polymerised | polyvinylchloride, emulsion polymerised | cut-off, U - GLO
market for waste polyvinylchloride product | waste polyvinylchloride product | cut-off, U - Europe without Switzerland
market for waste polyvinylchloride product | waste polyvinylchloride product | cut-off, U - RoW
market for waste plastic, mixture | waste plastic, mixture | cut-off, U - RoW
market for waste plastic, mixture | waste plastic, mixture | cut-off, U - Europe without Switzerland

84.73542841 kg oil eq

Contribution FD

Contr. (%)
52.75
28.01
11.64
3.70
1.61
1.37
0.66
0.23
0.02
0.01
0.00
0.00
20.67
8.08
1.73
0.99
0.12
0.08
0.02
0.01
0.00
0.00
0.00
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Table A-12: Contribution tree for production of pump and motor (continued)
Process
market for copper | copper | cut-off, U - GLO
market for steel, chromium steel 18/8, hot rolled | steel, chromium steel 18/8, hot rolled | cut-off, U - GLO
market for cast iron | cast iron | cut-off, U - GLO
market for aluminium, wrought alloy | aluminium, wrought alloy | cut-off, U - GLO
market for hot water tank factory | hot water tank factory | cut-off, U - GLO
market for polyvinylchloride, suspension polymerised | polyvinylchloride, suspension polymerised | cut-off, U - GLO
market for synthetic rubber | synthetic rubber | cut-off, U - GLO
market for polyvinylchloride, emulsion polymerised | polyvinylchloride, emulsion polymerised | cut-off, U - GLO
market for waste polyvinylchloride product | waste polyvinylchloride product | cut-off, U - Europe without Switzerland
market for waste polyvinylchloride product | waste polyvinylchloride product | cut-off, U - RoW
market for waste plastic, mixture | waste plastic, mixture | cut-off, U - RoW
market for waste plastic, mixture | waste plastic, mixture | cut-off, U - Europe without Switzerland

Amount
1.0398303
1.0273173
0.3749729
0.045881
0.0200208
2.10E-03
1.82E-03
4.08E-04
1.28E-04
7.98E-05
1.42E-05
1.61E-06

2.512570675 kg PM10 eq

PMF Contribution

Contr. (%)
41.38
40.88
14.92
1.83
0.80
0.08
0.07
0.02
0.01
0.00
0.00
0.00

Table A-13: PV Generation in LV for scenario 3
Contr. (%)

Amount
0.07322
1.63E-08
1.32E-08

0732200
2 kg CO2
eq

GHG

100.00
0.00
0.00

Process
market for photovoltaic plant, 570kWp, multi-Si, on open ground | photovoltaic plant, 570kWp, multi-Si, on open ground |
cut-off, U-GLO
market for tap water | tap water | cut-off, U - RoW
market for wastewater, from residence | wastewater, from residence | cut-off, U - RoW
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Table A-13: PV Generation in LV for scenario 3 (continued)
Contr. (%)

0.0004
1.02E-10
7.88E-11
0.00022
5.58E-11
4.52E-11

0.06874 kg
1,4-DB eq

PMF

100.00
0.00
0.00

0.01822
4.14E-09
3.01E-09

0.00022
kg PM10
e

TA

100.00
0.00
0.00

1.11819
1.16E-07
5.59E-08

0.0004 kg
SO2 eq

FD

100.00
0.00
0.00

0.06874
7.52E-09
7.05E-09

0.01822
kg oil eq

WD

100.00
0.00
0.00

Amount

1.118190
m3

HT

100.00
0.00
0.00

Process
market for photovoltaic plant, 570kWp, multi-Si, on open ground | photovoltaic plant, 570kWp, multi-Si, on open ground |
cut-off, U - GLO
market for tap water | tap water | cut-off, U - RoW
market for wastewater, from residence | wastewater, from residence | cut-off, U - RoW
market for photovoltaic plant, 570kWp, multi-Si, on open ground | photovoltaic plant, 570kWp, multi-Si, on open ground |
cut-off, U - GLO
market for tap water | tap water | cut-off, U - RoW
market for wastewater, from residence | wastewater, from residence | cut-off, U - RoW
market for photovoltaic plant, 570kWp, multi-Si, on open ground | photovoltaic plant, 570kWp, multi-Si, on open ground |
cut-off, U - GLO
market for tap water | tap water | cut-off, U - RoW
market for wastewater, from residence | wastewater, from residence | cut-off, U - RoW
market for photovoltaic plant, 570kWp, multi-Si, on open ground | photovoltaic plant, 570kWp, multi-Si, on open ground |
cut-off, U - GLO
market for wastewater, from residence | wastewater, from residence | cut-off, U - RoW
market for tap water | tap water | cut-off, U - RoW
market for photovoltaic plant, 570kWp, multi-Si, on open ground | photovoltaic plant, 570kWp, multi-Si, on open ground |
cut-off, U - GLO
market for tap water | tap water | cut-off, U - RoW
market for wastewater, from residence | wastewater, from residence | cut-off, U - RoW
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Table A-14: Electricity from diesel generator for scenario 4
Contr. (%)

Amount

0.219643293 kg
1,4-DB eq

HT

1.353224904 m3

WD

0.767080678
0.18500918
0.133815747
0.000792022
0.000504014
2.36E-04
6.41E-06
0.197316552
0.022032062
2.87E-04
5.38E-06
2.46E-06
6.51E-08
1.17356086
0.177448969
0.002196061
1.31E-05
5.74E-06
1.72E-07
1.02E-10

1.08744 kg CO2 eq

GHG

70.54
17.01
12.31
0.07
0.05
0.02
0.00
89.59
10.01
0.13
0.00
0.00
0.00
86.72
13.11
0.16
0.00
0.00
0.00
0.00

Process
diesel, burned in diesel-electric generating set, 18.5kW | diesel, burned in diesel-electric generating set, 18.5kW | cutoff, U - GLO
market for diesel-electric generating set, 18.5kW | diesel-electric generating set, 18.5kW | cut-off, U - GLO
market group for diesel | diesel | cut-off, U - GLO
market for lubricating oil | lubricating oil | cut-off, U - GLO
market for waste mineral oil | waste mineral oil | cut-off, U - RoW
market for waste mineral oil | waste mineral oil | cut-off, U - Europe without Switzerland
market for waste mineral oil | waste mineral oil | cut-off, U - CH
market for diesel-electric generating set, 18.5kW | diesel-electric generating set, 18.5kW | cut-off, U - GLO
market group for diesel | diesel | cut-off, U - GLO
market for lubricating oil | lubricating oil | cut-off, U - GLO
market for waste mineral oil | waste mineral oil | cut-off, U - RoW
market for waste mineral oil | waste mineral oil | cut-off, U - Europe without Switzerland
market for waste mineral oil | waste mineral oil | cut-off, U - CH
market for diesel-electric generating set, 18.5kW | diesel-electric generating set, 18.5kW | cut-off, U - GLO
market group for diesel | diesel | cut-off, U - GLO
market for lubricating oil | lubricating oil | cut-off, U - GLO
market for waste mineral oil | waste mineral oil | cut-off, U - RoW
market for waste mineral oil | waste mineral oil | cut-off, U - Europe without Switzerland
market for waste mineral oil | waste mineral oil | cut-off, U - CH
market for wastewater, from residence | wastewater, from residence | cut-off, U - RoW
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Table A-14: Electricity from diesel generator for scenario 4 (continued)

2.01E-08

83.10
10.24
6.63
0.04
0.00
0.00

diesel, burned in diesel-electric generator, 18.5kW | diesel, burned in diesel-electric generator set, 18.5kW | cut-off, U - GLO
market for diesel-electric generating set, 18.5kW | diesel-electric set, 18.5kW | cut-off, U - GLO
market group for diesel | diesel | cut-off, U - GLO
market for lubricating oil | lubricating oil | cut-off, U - GLO
market for waste mineral oil | waste mineral oil | cut-off, U - RoW
market for waste mineral oil | waste mineral oil | cut-off, U - Europe without Switzerland

0.004979727
0.000613718
0.000397112
2.18E-06
2.76E-08
1.19E-08

0.00599278 kg
PM10 eq

market for waste mineral oil | waste mineral oil | cut-off, U - Europe without Switzerland

0.010839035 kg
SO2 eq

TA

0.00

0.00852833
0.001224343
0.001080302
5.99E-06
4.67E-08

0.350848627 kg
oil eq

Amount
0.309398632
0.040187252
0.001260353
1.71E-06
6.64E-07
1.59E-08

78.68
11.30
9.97
0.06
0.00

Process
market group for diesel | diesel | cut-off, U - GLO
market for diesel-electric generating set, 18.5kW | diesel-electric generating set, 18.5kW | cut-off, U - GLO
market for lubricating oil | lubricating oil | cut-off, U - GLO
market for waste mineral oil | waste mineral oil | cut-off, U - RoW
market for waste mineral oil | waste mineral oil | cut-off, U - Europe without Switzerland
market for waste mineral oil | waste mineral oil | cut-off, U - CH
diesel, burned in diesel-electric generating set, 18.5kW | diesel, burned in diesel-electric generating set, 18.5kW | cut-off, U GLO
market group for diesel | diesel | cut-off, U - GLO
market for diesel-electric generating set, 18.5kW | diesel-electric generating set, 18.5kW | cut-off, U - GLO
market for lubricating oil | lubricating oil | cut-off, U - GLO
market for waste mineral oil | waste mineral oil | cut-off, U - RoW

PMF

FD

Contr. (%)
88.19
11.45
0.36
0.00
0.00
0.00
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Appendix B: Economic Assessment data
Table B-1: Field data for economical assessment
Sc
1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4

TDH
Brand
65
Franklin
65
Franklin
66
Franklin
60 Grundfos
90
Franklin
90
Franklin
85
Franklin
90 Grundfos
75
Franklin
75
Franklin
75 Grundfos
75
Franklin
70
Franklin
70
Franklin
65
Franklin
72
Franklin

kW
7.5
4 to 11
7.5
7.5
22
22-30
22
22
30
22-30
30
30
45
45-75
45
45

eff (m)
0.81
0.89
0.81
0.805
0.825
0.93
0.815
0.8
0.825
0.915
0.84
0.825
0.82
0.933
0.81
0.81

Motor $
753
4161
753
1035
1210
5514
1210
1560
4200
5514
5100
4200
2810
11340
2810
2810

Brand
Model
Lowara
Z616 08
E-Tech
VS14/10
Lowara
VS19/10
Grundfos SP17/11
E-Tech
VS46/12
FPS
46SR13
E-Tech
VS46/12
Grundfos SP46/14
Grundfos
SP77-7
E-Tech
VS78/7
FPS
97SR7
E-Tech
VS78/7
E-Tech
VSC132/5
E-Tech
VSC132/5
Lowara
Z8125 05
Lowara
Z8125 05

eff
0.66
0.71
0.68
0.7
0.79
0.79
0.78
0.77
0.78
0.78
0.79
0.78
0.78
0.78
0.78
0.81

Pump $

790
600
660
600
1850
1860
900
3150
6870
5080
5500
5080
2050
2050
2620
2620

eff
0.5346
0.6319
0.5508
0.5635
0.65175
0.7347
0.6357
0.616
0.6435
0.7137
0.6636
0.6435
0.6396
0.72774
0.6318
0.6561

It
2819.99
5967.681
9571.804
9183.024
5379.581
9150.866
27270.67
16902.36
13633.33
12100.87
42173.05
21209.05
7397.25
14890
47220
23541

kWH
29794
21933
0
11645
58747
50859
0
19605
82074
57852
0
16080
76626
70637
0
50575

Energy $
2163
1592
0
4627
4265
3692
0
7789
5959
4200
0
6389
5563
5128
0
20093

Mt $
2663
2342
900
5427
4965
4692
1050
9089
6659
5200
1200
8289
6563
6728
1600
22693
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Field data with, model, initial investment It, efficiency eff, maintenance cost per year Mt, total dynamic head TDH, annual power withdrawn
kWh
Table B-2: LCOE calculation results
Motor-Pump (kW)
7.5

22

30

45

H
65
65
66
60
90
90
85
90
75
75
75
75
70
70
65
72

LCOE ($/m3)
0.072721
0.117444
0.257939
0.253357
0.071433
0.116479
0.273934
0.146637
0.083744
0.091525
0.276888
0.149452
0.05981
0.083753
0.199482
0.091928

Intensity Calc. kWh/m3
0.028456
0.022251
0
0.092126
0.029211
0.025046
0
0.044978
0.024461
0.022097
0
0.032186
0.022386
0.019761
0
0.039792

Intensity Theori. kWh/m3
0.023982
0.020289
0
0.048559
0.027237
0.024162
0
0.045183
0.022989
0.020727
0
0.032529
0.021587
0.018972
0
0.041149

n
0.5346
0.6319
0.5508
0.5635
0.65175
0.7347
0.6357
0.616
0.6435
0.7137
0.6636
0.6435
0.6396
0.72774
0.6318
0.6561

V (m3)
76013
71564
40598
50220
146010
147421
119014
173176
243590
190071
156645
198490
225941
259518
246598
504960

It (USD)
2820
5968
9572
7183
5380
9151
27271
16902
13633
12101
42173
21209
7397
14890
47220
23541
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Table B-3: Pearson correlation for all variables

* Correlation is significant at the 0.05 level
( 2-tailed)
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